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ABSTRACT 
 
 
Concrete cover cracking due to reinforcement corrosion is widely accepted 
as a limit-state indicator in defining the end of functional service life for existing 
reinforced concrete (RC) structures undergoing corrosion. Many of the currently 
available durability prediction models are incapable of providing realistic 
estimates of remaining service lives of RC structures beyond the corrosion 
initiation point. Therefore, the need to incorporate the length of the corrosion 
propagation stage in a comprehensive durability prediction approach has recently 
received much research attention. Previous research focus however was mostly 
limited to the case of uniformly corroding reinforcement with only few studies 
addressing the commonly encountered case of localized rebar corrosion. It was 
empirically shown in a previous study that localized corrosion can have a 
mitigating effect on time to concrete cover cracking due to the larger required 
depth of rebar corrosion penetration (Critical penetration or Xcrit). The present 
research was focused on developing a model for predicting Xcrit for various 
degrees of corrosion localization including new cases of highly localized 
corrosion. Accelerated corrosion testing of controlled anodic regions along axial 
rebars in sound concrete cylinders suggested that localized corrosion can 
increase Xcrit by up to about a factor of 10. The effect of corrosion localization on 
the orientation of corrosion-induced surface cracks was also addressed. Testing 
xv 
 
of freely corroding pre-cracked RC pipe specimens in a chloride-containing 
environment indicated that steel corrosion can be localized at intersection 
regions with the pre-existing cracks and uniformly distributed around the 
reinforcing steel perimeter. Numerical modeling was undertaken to substantiate 
the experimentally observed trends on a theoretical basis for various degrees of 
corrosion localization. A mechanical model was developed to improve 
understanding of the underlying mechanism responsible for corrosion-induced 
stresses. A thick-walled multiple-cylinder approach was employed to simulate 
crack initiation and propagation to account for the residual strength property of 
concrete after cracking by applying the principles of applied elasticity. For a given 
concrete cover depth, the amount of Xcrit was shown by modeling to be largely 
determined by the length of corroding region and the capacity of the induced 
cracks to accommodate produced rusts. The properties of both concrete-rebar 
interface and corrosion products were also found to have a significant impact on 
Xcrit. Based on the model and experimental trends and comparisons with 
literature data, an improved relationship for the estimation of Xcrit was proposed. 
An electrochemical model was also formulated to address the possible role of 
corrosion aggravation due to macrocell coupling in counteracting the mitigating 
effect of increased Xcrit on time to concrete cover cracking. Findings confirmed 
that corrosion localization can reasonably be considered a mitigating factor for 
extending the corrosion propagation stage, and provided more precise 
quantification to that effect.
1 
 
 
 
 
 
 
1. INTRODUCTION 
 
 
 
1.1  Background  
The total direct cost of corrosion estimated in 2002 by the Federal Highway 
Administration (FHWA) was $ 276 billion per year which makes 3.1% of the 
national gross domestic product (GDP) in the United States. The direct cost of 
corrosion in the highway bridges only was estimated by $8.3 billion per year with 
possible indirect costs of 10 times greater. The national bridge inventory (NBI) 
data base released by FHWA in 2010 indicated that the entire bridge population 
is 604,485 of which 69,223 (11.5%) are classified as structurally deficient with a 
mean age of ~62 years. Both conventional and pre-stressed concrete bridges 
represented ~ 68% of the total population of bridges [Lee 2012- parts 1 and 2]. 
Reliable and timely maintenance programs are therefore necessary to prevent 
catastrophic failures and minimize deterioration of bridges. In an effort to 
highlight the issue of deteriorating infrastructure in the U.S., LePatner has 
recently launched an interactive Google map featuring nearly 8000 bridges 
nationwide labeled by the FHWA as “structurally deficient” and “fracture critical”. 
The total cost of repair and rehabilitation of those bridges was estimated to be up 
to about $60 billion [LePatner 2012]. 
Corrosion-induced concrete cover cracking is considered an important 
performance limit state marking the end of functional service life of a reinforced 
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concrete (RC) structure. Estimating the remaining service life of corrosion-
affected RC structures is required by asset owners and practicing engineers for 
repair and maintenance planning.  
1.2 Problem Statement and Research Significance 
Reinforcing steel is initially protected by a passive layer of iron oxides / 
hydroxides in alkaline, uncontaminated concrete. Unfortunately, the protective 
layer can be destroyed due to chloride contamination when the chloride 
concentration at the steel surface reaches a critical amount. Corrosion durability 
of RC structures exposed to chloride-containing environments is measured by 
the length of durations of both corrosion initiation and propagation phases [Tuutti 
1982]. The corrosion initiation phase is defined as the length of time needed for 
chloride ions to diffuse from the external surface of concrete to reach the 
imbedded steel and exceed the critical chloride concentration. On the other hand, 
the corrosion propagation phase is defined as the length of time from the onset of 
corrosion to the onset of corrosion-induced cover cracking [Val et al. 2009].  
Various service life predictive models were developed to forecast the 
initiation stage. Chloride ion transport is typically assumed to be controlled by a 
diffusion process driven by chloride concentration gradient. The apparent 
diffusion coefficient of chloride through concrete and the chloride concentration at 
the external concrete surface are generally assumed to be constant with time 
[Sagüés et al. 2006]. Various commercially available models (e.g. Life 365®, 
Stadium®, etc.) are customarily developed based on the corrosion initiation stage 
with a pre-set fixed value for the corrosion propagation period [Williamson 2007]. 
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However, once corrosion has initiated or where pre-existing narrow cracks are 
present in a reinforced concrete member, the corrosion propagation period 
becomes predominant. Therefore, a reliable prediction accounting for the 
variability of the corrosion propagation period is required to realistically estimate 
the remaining service life of a corroding RC structure.  
Active corrosion of embedded steel produces expansive corrosion products 
with specific volumes several times greater than that of the original steel. Those 
corrosion products result in pressure on surrounding concrete associated with 
radial and hoop stresses with a tensile component. Given the low tensile strength 
of concrete, the generated stresses can ultimately lead to cracking and spalling 
of the cover concrete. Knowledge of the critical amount of rebar radius loss 
needed for cracking, (also known as critical penetration, Xcrit), along  with a 
reliable estimate of the projected corrosion rate is important for the overall 
service life prediction of a corroding RC structure. Most of the previous research 
work was focused on developing models for determining Xcrit assuming an 
approximately uniform distribution of corrosion along the length of rebar [Jamali 
et al. 2013]. However, localized corrosion is commonly encountered in practice, 
especially in high quality concrete structures. Localized corrosion can occur due 
to the presence of preexisting narrow cracks in cover concrete, concrete cold 
joints and similar concrete deficiencies [Lau 2010b] or coating defects in epoxy-
coated steel. The application of Xcrit models intended for uniformly distributed 
corrosion can unnecessarily lead to significant underestimation of remaining 
service lives for RC members suffering localized corrosion. 
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Very limited research work has previously been undertaken to examine the 
positive effect of corrosion localization on tolerance of more rebar radius loss, 
Xcrit, required for concrete cover cracking. Torres-Acosta and Sagüés [Torres-
Acosta et al. 2004] suggested a user-friendly empirical relationship showing that 
the amount of critical penetration, Xcrit, increases as corrosion becomes more 
localized along embedded reinforcing bar. However, that experimental 
investigation did not include cases of sufficiently localized corrosion 
representative of conditions typically encountered at the bottom of narrow 
preexisting cracks intersecting rebars. Therefore extrapolation of the proposed 
relationship to cases of small corroding lengths may be associated with 
significant uncertainty. Further, the empirical nature of the proposed model 
highlights the need for its verification/validation using a reliable theoretical 
approach to model the responsible underlying phenomena. A more recent study 
by Darwin and O’Reilly [Darwin et al. 2011] suggested an alternative more 
sophisticated model based, in part, on testing epoxy-coated rebars with 
controlled areas of coating damage. One major drawback related to that study is 
that the values of Xcrit were solely determined based on Faradaic calculation of 
corrosion damage. The latter can be different from actual values unless 
confirmed by gravimetric evaluation. In addition, coated rebars are associated 
with uncertainty in the amount of corrosion damage due to possible wide 
variation in the extent of coating distress [Sagüés et al. 2006]. The uncertainty 
associated with the Darwin’s model predictions does not justify the model 
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complexity which provides no significant advantage in its application over its 
empirical predecessor, as will be shown in the next chapter [Busba et al. 2013a].  
Further, localized corrosion may result in the formation of a corrosion 
macrocell due to electrochemical coupling between the small corroding spot and 
the larger surrounding passive steel region. The macrocell coupling is likely to 
aggravate the corrosion current leading to a faster rate of radius loss compared 
to the case of uniform corrosion otherwise exposed to the same conditions. As a 
result, the positive mitigating effect of localized corrosion on the amount of Xcrit 
needed for cracking may be counteracted by the higher corrosion rate expected 
at a small corroding spot. Those possible competing effects on the duration of 
propagation stage were not addressed in the literature in detail. The effects of 
both Xcrit and corrosion rate on the duration of propagation stage were examined 
here as the degree of corrosion localization increased. Those competing effects 
were examined to highlight the possible extent to which corrosion localization can 
be considered a mitigating factor for cover cracking. 
The above discussion underscores the need for developing a reliable model 
for determining the amount of critical penetration, Xcrit, for the case of localized 
corrosion. The model can serve as a useful tool that can be incorporated along 
with existing reliable corrosion rate projection models in a comprehensive service 
life forecasting model for RC structures. The effect of concrete parameters 
variability on the amount of Xcrit can be accounted for by using a probabilistic 
approach [Lau et al. 2010a].  
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The overall service life predictive models should be capable of providing a 
reliable estimate of time to cover cracking. As a result, they can assist in defining 
a timely and cost-effective intervention point for repair of the corrosion-affected 
existing RC structures to maintain their serviceability. 
1.3 Research Objectives 
(a) Determine experimentally the effect of highly localized corrosion of steel 
reinforcement on the critical penetration (Xcrit) needed for concrete cover 
cracking. Testing should extend to sufficiently localized corrosion conditions 
representative of those typically encountered at the intersection of rebars with 
preexisting narrow cracks or similar concrete deficiencies. Based on the 
observed experimental trends, a functional relationship should be derived for 
the critical penetration (Xcrit) in terms of the degree of corrosion localization 
and system geometrical configurations. 
(b) Improve the prediction of critical penetration (Xcrit) based on understanding 
the underlying mechanism and controlling factors. This was achieved by 
developing a theoretical mechanical model using the principles of applied 
elasticity to simulate the stresses induced by corrosion products (rust). The 
modeling was used to examine cases having similar geometric configurations 
to those tested experimentally. The model should take into account the 
residual strength of concrete cover after cracking. It should also examine the 
effect of properties and amounts of rust accommodated in the rebar-concrete 
interface and within the induced cracks for cases of uniform and localized 
corrosion. The present and previous experimental findings of critical 
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penetration, Xcrit, should be used to validate and calibrate the theoretical 
model, as appropriate.  
(c) Examine the role of possible corrosion rate aggravation due to localized 
corrosion in counteracting the mitigating effect of increased Xcrit on time to 
concrete cover cracking. An electrochemical model is to be developed to 
simulate corrosion macrocell coupling between a small corrosion region and a 
large passive region for various corroding to passive surface area ratios 
similar to those tested experimentally but under natural exposure conditions. 
The extent to which local corrosion rate can be aggravated due to localization 
is then to be determined. The model should provide an answer to the 
question as to whether such a possibly higher corrosion rate can counteract 
the positive effect of the increased Xcrit on extending the propagation period 
and hence the service life. 
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2. LITERATURE REVIEW 
 
2.1 Concrete Composition and its Chemistry 
Concrete is a widely used construction material due to its versatility and 
relatively low cost. Concrete is a composite material composed of cement paste 
as a binder with a low cost filler of coarse (stone) and fine (sand) aggregates 
making about 60-75% of the mix total volume.  The main chemical constituents of 
cement are tricalcium silicate (C3S), dicalcium silicate (C2S), tricalcium aluminate 
(C3A), tetracalcium alumioferite (C4AF) and calcium sulfate (Gypsum). Water is 
added to the concrete mix with appropriate amounts to cause the cement to 
hydrate and form hydration products (cement paste). The latter is typically made 
up of about 75% calcium silicate hydrate gel (C-S-H) (by volume of hardened 
cement), 20% solid crystalline calcium hydroxide and low amount of calcium 
aluminate compounds. The hydration reaction is exothermic in nature and result 
in the hardening of concrete as it progresses. The hydrated cement exhibits 
capillary porosity with the pores partially filled with a saturated solution of calcium 
hydroxide. The pore solution also contains high concentrations of sodium and 
potassium ions which make the solution highly alkaline (pH =12.5 to 13.6).  The 
most commonly reported mechanical property of concrete is its 28-day 
compressive strength with typical values around e.g. 35 Mpa in highway 
construction applications. Concrete is however brittle with its tensile strength 
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being an order of magnitude less than its compressive strength. Embedded steel 
reinforcement is therefore used in reinforced concrete structures to handle tensile 
stresses. Fortunately, steel in alkaline, uncontaminated concrete environment is 
found to be protected (passivity) from corrosion damage. In addition, the thermal 
compatibility of steel and concrete (thermal expansion coefficients 11.8x10-6 and 
12 x10-6 /oC, respectively) enables the use of steel-reinforced concrete as a 
construction material. [Mindess et al. 2003, Materials Property Data] 
 
2.2 Passivation 
The alkaline concrete environment results in the formation of a very thin 
(e.g. a few nm) and dense protective layer of iron oxide / hydroxide on the 
embedded steel surface due to corrosion of the steel itself. Figure 2.1 shows the 
region (shaded area) at which the passive layer is thermodynamically stable 
(insoluble) for steel in aqueous solution after Pourbaix. The passive protective 
layer is adherent to the surface and believed to be mainly composed of gamma 
ferric oxide (γ-Fe2O3). The oxide layer develops as the cement hydration 
progresses. Due to the amorphous structure of the passive layer, the diffusion of 
iron ions (F2+) from the steel substrate to the passive layer-concrete interface is 
made difficult [Pruckner 2001]. 
 
2.3 Corrosion of Steel in Concrete 
2.3.1 General 
Corrosion of steel reinforcement is a destructive process affecting the 
serviceability of reinforced concrete structures and can in extreme cases lead to 
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unexpected structural failure. The two main mechanisms responsible for the 
damage induced by steel reinforcement corrosion are concrete carbonation and 
chloride ingress. Concrete carbonation caused by the ingress of carbon dioxide 
from the surrounding atmosphere can result in the loss of alkaline conditions 
needed for steel passivity. The drop of pH to below about 9 can cause the steel 
to actively corrode [Sagüés et al. 1997]. 
 
 
 
Figure 2.1 Simplified potential-pH equilibrium diagram for iron-H2O system at a 
temperature of 25o C [Gellings 2005]. 
 
Literature search has shown that chloride-induced corrosion can have an 
extensively damaging effect on reinforced concrete structures compared to that 
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of carbonation-induced corrosion [Val et al. 2009].  In chloride-containing 
environments, the ingress of chloride through concrete cover can destroy the 
protective passive layer and cause corrosion of the underlying steel to initiate. 
The protective layer can be disrupted when the chloride concentration at the 
steel / concrete interface reaches a critical amount known as the chloride 
corrosion threshold [Raupach1996]. Pruckner described the mechanism of 
passivity breakdown by three steps; adsorption of chloride ions on the surface of 
passive layer, penetration and formation of complexes [Pruckner 2001].  
The functional service life of an RC structure affected by chloride-induced 
corrosion is divided into corrosion initiation and propagation periods [Tuutti 1982]. 
Figure 2.2 shows a simplified service life model based on the model first 
proposed by Tuutti. 
 
 
Figure 2.2 A simplified service life model based on Tuutti’s model 
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2.3.2 Mechanism of Steel Reinforcement Corrosion 
The corrosion process involves two coupled electrochemical reactions 
taking place on steel – concrete interface at separate sites. In order for the 
reactions to proceed there has to be an exchange of charge between the two 
sites. The electrochemical reaction that involves loss of electrons is known as 
anodic reaction whereas the one that involves gain of electrons is known as 
cathodic reaction [Gellings 2005]. Figure 2.3 shows a schematic diagram 
illustrating the corrosion process of a steel reinforcement in concrete. The 
common anodic and cathodic reactions of steel in concrete are iron dissolution 
(equation 2.1) and oxygen reduction (equation 2.2) reactions. 
 
                                     Fe              Fe2++ 2e                                            (2.1) 
 
                              2H2O + O2 + 4e              4OH
-                                     (2.2) 
 
The exchange of electrons results in electronic current flow along the rebar 
itself between the anodic and cathodic sites. At equilibrium, the anodic and 
cathodic reactions should proceed at the same rate which represents the 
corrosion rate of steel.  To maintain the continuity of current there should be a 
flow of ionic current in the concrete (electrolyte) between the anodic and cathodic 
sites. It follows that concrete resistivity can become a rate-controlling factor for 
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both reactions. The resistivity depends on concrete permeability, the degree of 
concrete saturation and chloride content in pore water. If the current flow is 
limited by the resistance between the anode and cathode, the reaction rate is 
said to be under resistance control. Otherwise, the reaction rate will be 
proceeding under activation control as long as there is sufficient supply of 
reactants for each reaction. Once the reaction rate becomes controlled by the 
speed with which the reactants (ions) arrive at the reaction front, the reaction rate 
is then said to be under concentration control or diffusion control. The reaction 
rate can be governed by one or more of those three controlling mechanisms 
[Jones 1996]. 
 
 
 
 
 
 
 
Figure 2.3 Corrosion of steel reinforcement in concrete 
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2.4 Chloride-induced Corrosion Initiation Stage 
The initiation period is represented by the time needed for the chloride ions 
to transport from the external environment through the concrete cover and reach 
the rebar with sufficient amount to trigger corrosion. Figure 2.4 shows the 
modified Pourbaix diagram applicable for iron-H2O system in the presence of 
chloride. The transport of chloride ions through concrete pore system proceeds 
mainly by diffusion driven by concentration gradient as well as by capillary action 
(convection) [Val et al. 2009]. For RC structures having thick concrete cover, the 
chloride transport is considered simply controlled by a time-dependent diffusion 
process which may be expressed in terms of Fick’s second law as follows: [Bohni 
2005] 
                                
  
  
                                          (2.3) 
 
where C is chloride ion concentration, t is time and D is chloride diffusion 
coefficient of concrete and customarily assumed to be spatially and time-
independent. The relationship in (2.3) is usually treated as a one-dimensional 
case as shown in equation (2.4) and utilized for modeling time to corrosion 
initiation. In the case of constant diffusivity and surface chloride content, the error 
function solution is available (equation 2.5) [Crank 1975]. 
 
15 
 
                                        
  
  
  
   
   
                                         (2.4) 
 
                                
       
     
       (
 
√   
)                       (2.5) 
where X is the distance from external concrete surface inside concrete cover, 
(erf) is the error function, Ci is the initial chloride concentration in concrete, CX, t  
is the chloride concentration at a given depth from surface into concrete cover at 
time t and Cs is the external surface chloride concentration. Replacing the 
parameters X and C X, t in equation (2.5) with the values of concrete cover depth 
(C) and the chloride corrosion threshold (C th) respectively allows the 
determination of time to corrosion initiation (ti). 
 
Figure 2.4 The potential-pH equilibrium diagram for iron-H2O system in the 
presence of chloride ions 
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2.5 Chloride-induced Corrosion Propagation Stage 
Once corrosion has initiated, its propagation is controlled primarily by the 
supply of oxygen, moisture content and resistivity of concrete [Tuutti 1982]. The 
length of the corrosion propagation stage is the time from corrosion initiation to a 
well-defined limit state. There are various damage indicators associated with 
different limit states such as; loss of rebar cross-sectional area, loss of bond 
strength between steel and concrete and corrosion-induced concrete cover 
cracking [Otieno et al. 2011]. Corrosion causes an initial increase in rebar to 
concrete bond strength due to the increased rebar surface roughness but further 
corrosion results in loss in bond strength. That loss is explained by deterioration 
of rebar ribs and the lubricating effect of the flaky thick layer of rust. The 
consequent corrosion-induced cracking tends to reduce the confining capacity of 
surrounding concrete [Sulaimani et al. 1990]. Many researchers have considered 
the appearance of corrosion-induced surface cracks as a performance limit state 
as it is relatively easy to determine in a corroding RC structure [Liu et al. 1998, 
Torres-Acosta et al. 2004]. Concrete cover cracking is caused by the 
accumulation of expansive corrosion products at the steel-concrete interface. 
Generally corrosion products can have a volume up to six times greater than that 
of the original steel [Marcotte 2001]. However, Hansson et al. found that the 
volume of corrosion products observed in concrete is between 2.2 and 3.3 times 
greater than that of steel from which they formed [Hansson et al. 2007]. As 
corrosion progresses, the corrosion products continue to accumulate and once it 
fills up the concrete pores, radial and hoop stresses start to develop. Cover 
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cracking begins when the stress state satisfies a certain cracking failure criterion. 
Figure 2.5 shows a schematic indicating the amount of rebar radius loss needed 
for cracking, Xcrit, (also known as critical penetration).  
 
 
 
 
Figure 2.5 A conceptual diagram for corrosion-induced cracking 
 
Generally, the corrosion initiation duration is several times longer (e.g. ~ 30 
to 80 years) than that of the propagation stage (e.g. 5 years). In those cases, it is 
the accuracy of predicting the initiation period that determines the accuracy of 
predicting the overall service life [Mullard et al. 2011].  However, some RC 
structures exhibit corrosion early in service with longer corrosion propagation 
stage which highlights the need for accurate prediction of the variability in the 
corrosion propagation. The latter is also true in the case of new structures where, 
preexisting narrow cracking has caused corrosion to initiate relatively early.  
The corrosion propagation period, in terms of time to cover cracking (Tcr), 
can be determined if the projected average corrosion rate (CR) and the critical 
rebar radius loss, Xcrit are known as approximated by equation (2.6) [Sagüés et 
al. 2006]. The effect of rebar surface curvature can be reasonably neglected 
since the amounts of Xcrit are usually very small (<<1 µm) in comparison. On first 
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18 
 
approximation, equation (2.6) may be used for the prediction of the remaining 
service lives of corroding RC structures utilizing a probabilistic approach to 
account for the variability of the controlling parameters [Lau et al. 2010a].  
 
                           Tcr (y) = Xcrit (mm) / CR (mm/y)                                (2.6) 
 
Various attempts were made to directly model the time to corrosion-induced 
cracking assuming time-invariant corrosion rates [El Maaddawy et al. 2007]. 
Corrosion rate is however expected to vary with time. Further, there are no 
reliable models currently available for the prediction of corrosion rate versus time 
[Otieno et al. 2011, Val et al. 2009]. It appears that the variability in corrosion rate 
can make it difficult to abstract the individual effects of Xcrit and corrosion rate on 
time to cracking. Further, studying the direct effects of parameters such as 
concrete tensile strength, Poisson’s ratio and rust properties on time to cracking 
has led to widely varying or even contradictory conclusions [Jamali et al. 2013]. 
That significant uncertainty may be attributed to the expected wide variation in 
corrosion rate from the moment of corrosion initiating up to the development of 
externally visible cracking. That uncertainty can be further complicated by the 
test acceleration necessitated during laboratory tests. Therefore developing 
separate models for predicting Xcrit and corrosion rate may be more reliable for 
determining their individual contributions to the cracking process. The corrosion 
rate and Xcrit models can therefore be integrated into a comprehensive durability 
prediction approach to reasonably estimate time to cracking. The present 
19 
 
research work is only focused on studying the critical rebar radius loss (Xcrit) 
induced by localized corrosion.  
 
2.6 Factors Affecting the Critical Penetration 
2.6.1 Geometrical Parameters and Concrete Properties 
Alonso et al. investigated with accelerated laboratory test the key 
parameters controlling the corrosion penetration required for cover cracking 
under uniform corrosion conditions [Alonso et al.1998]. The study determined 
that Xcrit is related to the ratio of concrete cover to rebar diameter (C/Ø) and 
proposed the following simple empirical relationship: 
 
                                                 
 
 
                                        (2.7) 
 
where a and b are constants (7.53 and 9.32 µm, respectively). That study 
concluded that for C/Ø ≥ 2, the amount of Xcrit needed to create a 0.05 mm wide 
surface crack is ~ 50  m whereas for C/Ø ≤ 2, the amount of Xcrit needed is 
between 15 – 30 µm. It was also determined that experiments with excessively 
accelerated corrosion rates required higher amounts of Xcrit than those with slow 
corrosion rates and otherwise comparable conditions. The effect of applied 
corrosion current density in accelerated experiments is discussed in more detail 
in the following section. Alonso et al. also suggested that concrete with higher 
water to cement ratios require greater values of Xcrit. Although not quantified, 
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such an effect was explained by the higher permeability associated with higher 
water to cement ratios which in turn allows corrosion products to diffuse away 
from the steel-concrete interface. It was also determined that greater amounts of 
corrosion attack penetration are needed to create wider surface cracks following 
a linear behavior between both variables [Alonso et al. 1998]. The latter finding 
may explain the discrepancy in the values of Xcrit obtained by different 
researchers. Crack width limit states defined by other researchers include ~ 0.1 
mm [Torres-Acosta et al. 2004], 0.05 mm [Darwin et al. 2011] and 0.3, 0.5 and 1 
mm [Vu et al. 2005]. 
Liu and Weyers employed the concept of a thick-walled cylinder to 
analytically derive a relationship (2.8) for determining the critical mass of 
corrosion products required for concrete cover cracking in the case of uniform 
corrosion [Liu et al. 1998]. A critical mass was defined as the sum of corrosion 
product mass needed to fill up the interconnected pores at the steel-concrete 
transition zone and that required to generate expansive radial and hoop stresses 
up to cracking. The corrosion product was assumed to be composed of a mix of 
ferrous and ferric hydroxides, Fe (OH)2 and Fe (OH)3, with a relative mass ratio of 
steel to corrosion product being 0.622 and 0.523, respectively.  Concrete was 
assumed to crack when the hoop stress reaches the tensile strength of concrete 
as the corrosion products continue to build up. The critical mass of corrosion 
product per unit length of rebar, Wcrit, (equation 2.8) was found to be mainly 
influenced by the type of corrosion product, concrete cover, rebar diameter, 
properties of concrete and steel-concrete interface. The critical amount of steel 
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corroded per unit length of rebar (Δm) may be found by multiplying Wcrit by the 
corrosion product to steel mass ration. Given the density of steel, the consumed 
steel volume per unit length of rebar may be determined and therefore the value 
of Xcrit can be calculated (see equation 3.5).  
 
                           (  [
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)              (2.8) 
 
where a = (Ø+2do)/2, b = C + [(Ø+2do)/2] and Δm = γ Wcrit. The parameters Ø, C, 
do,  ,   and  rust represent rebar diameter, concrete cover, thickness of porous 
interfacial zone (ITZ), concrete Poisson’s ratio, density of iron and density of rust. 
The parameter Eef represents the effective modulus of elasticity for concrete and 
expressed by Eef = [Ec / (1+φcr)], where Ec is the concrete modulus of elasticity 
and φcr is the concrete creep coefficient. The parameter γ is a constant related to 
the rust molecular mass and obtained by dividing the molecular mass of iron by 
the molecular mass of rust. 
The derived model (2.8) however may not be practical as it requires input 
information hard to obtain for determining the critical mass of corrosion product. 
More importantly, as with the other model introduced in this section, the model is 
only intended for uniformly corroding rebars and therefore not capable of 
providing information on critical penetration (Xcrit) in the case of localized 
corrosion. 
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2.6.2 Effect of Corrosion Products  
The degree of damage in concrete induced by corroding steel is dependent 
upon the type of corrosion product and its distribution within the concrete cover. 
All types of iron corrosion products have greater relative volumes than steel as 
shown in figure 2.6 [Marcotte 2001]. The corrosion products formed in 
atmospherically-exposed concrete were analyzed and found to be Fe3O4,          
α-Fe2O3, γ-Fe2O3, α-FeOOH and γ-FeOOH with specific volumes ranging from 
2.2 to 3.3 compared to steel [Hansson et al. 2007]. The latter range is less than 
the corresponding value of red-brown rust, Fe2O3.3H2O which is customarily 
believed to be the main corrosion product with a specific volume of 6. Lazari et 
al. also performed an X-ray Diffraction (XRD) analysis of corrosion products in 
concrete exposed to atmosphere and reported corrosion product specific 
volumes ranging between 2 to 3.5. The main corrosion products found were 
Fe3O4, β-FeOOH and α-FeOOH [Lazari et al. 2000]. The type of corrosion 
product formed is generally dependent on exposure environmental conditions 
such as relative humidity and supply of oxygen [Jaffer et al. 2009]. Submerged 
corroding structures, for instance, are expected to form hydrated corrosion 
products that are possible to transport away from the steel-concrete interface. 
Therefore, the latter case may require more corrosion penetration for concrete 
cracking to occur (if any) [Sagüés et al. 2006 and Lazari et al. 2000].  
Wong et al. investigated the penetration of corrosion products into concrete 
by image analysis [Wong et al. 2010]. It was found that corrosion products 
penetrated into the porous aggregate-paste interface and through the pores of 
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cement paste hydration products. Once the capillary pores and air voids are 
filled, the corrosion products were found to be forced to accumulate at the steel-
concrete porous interfacial zone. It was also reported that a fraction of corrosion 
products preferentially accumulate at large cracks rather than at small pore 
spaces once corrosion cracking has initiated at the steel-concrete interface 
[Wong et al. 2010]. 
 
                                       
Figure 2.6 Corrosion products of iron [Marcotte 2001] 
Lack of knowledge of corrosion product compositions is thought to be a 
source of discrepancy between theoretical model calculations and experimental 
data of Xcrit [Lu et al. 2011]. 
2.6.3 Effect of Induced Corrosion Rate in Accelerated Testing 
Corrosion acceleration is a common approach that has long been used to 
study the corrosion-induced damage in concrete structures to obtain results in 
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short durations. It was previously reported that results obtained from accelerated 
corrosion experiments are reasonably comparable to those from natural 
corrosion experiments [Torres-Acosta et al. 2010]. However, it has been argued 
that the widely-used direct linear extrapolation of results obtained from 
accelerated testing to behavior in real structures may be misleading [Vu et al. 
2005 and Mullard et al. 2011]. Those investigators explained that corrosion-
induced concrete cracking can be affected by the induced corrosion rate in one 
of two ways. Firstly, the value of Xcrit increases as the corrosion rate increases up 
to a threshold value of about 150 to 200 µA/cm2. This phenomenon was also 
observed by Alonso et al. [Alonso et al. 1998]. Secondly, the value of Xcrit 
decreases as the impressed current density increases above a 200 µA/cm2 
threshold value. This behavior seems to be explained by an observation 
previously reported in the literature which attributed the effect to insufficient time 
for corrosion products to diffuse away from the steel/concrete interface [El 
Maaddawy et al. 2003]. Therefore, Vu et al proposed a correction factor for the 
accelerated anodic current density to account for those effects [Vu et al. 2005]. 
 
 2.6.4 Effect of Corrosion Localization 
The formation of non-corrosion related transverse cracks intersecting 
embedded reinforcement is expected to occur early in service in structures 
having large concrete covers [ACI 224-01]. The presence of such cracks can 
locally enhance chloride ingress leading to localized corrosion. It was shown that 
corrosion at crack-steel intersections can be highly localized at the intersection 
region and uniformly distributed around the perimeter [Busba et al. 2013b]. It was 
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previously suggested that the value of Xcrit increases as corrosion becomes more 
localized along rebar length [Torres-Acosta et al. 2004]. However, the underlying 
mechanism responsible for that increase in Xcrit was not explained.  That 
phenomenon may in part be attributed to the availability of more space sidewise 
along the rebar for corrosion products to diffuse away. Jang et al. conducted a 
qualitative FEM modeling of non-uniformly distributed corrosion around the rebar 
perimeter but extending along the entire rebar length [Jang et al. 2010]. Such a 
corrosion distribution pattern may be expected in un-cracked concrete due to 
corrosion initiating on the face of the rebar closest to the concrete cover [Zhao et 
al. 2011]. The study by Jang et al., contrary to other findings, suggested that 
much smaller pressure is needed to induce cover cracking compared to evenly 
distributed corrosion around rebar perimeter. That finding was attributed to 
pressure concentration due to the uneven distribution of corrosion products 
around rebar perimeter [Jang et al. 2010]. Nevertheless, there was no 
experimental evidence provided by that study or found in the literature to validate 
that FEM-based finding. 
2.7 Existing Models for Cover Cracking Induced by Localized Corrosion 
2.7.1 Torres-Acosta and Sagüés’ Model (2004) 
 
Torres-Acosta’s work was the first to experimentally investigate the effect of 
localized rebar corrosion on the amount of steel corrosion penetration needed for 
cover cracking [Torres-Acosta et al. 2004]. It was found that when corrosion is 
localized to a short segment along a reinforcing bar, the amount of corrosion 
needed for cover cracking (Xcrit) would be greater than otherwise. Concrete 
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cylindrical and prismatic specimens with a concrete cover (C) and reinforced with 
single rebars of diameter (Ø) were tested at a controlled relative humidity 
environment of ~ 85%. Controlled anodic zones along rebars were represented 
by central carbon steel segments of various lengths (L). The anodic regions were 
bounded by either stainless steel or non metallic rebar segments. The anodic 
zones were forced to corrode in an accelerated fashion by applying anodic 
current density of ~ 100 µA/cm2.  It was reported that the amount of steel loss 
needed for cracking was between 30 to ~270 µm for localized corrosion 
compared to 3 to 74 µm reported previously for uniform corrosion. From the 
experimental data, an empirical model was proposed for calculating Xcrit as a 
function of C/Ø and C/L ratios as follows: 
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The relationship was derived for a range of C/L ratios of 0 to ~ 2. 
Nevertheless, it did not extend to small enough corroding lengths to approach the 
narrow corroding spots expected at the bottom of preexisting cracks (i.e. C/L >2). 
In addition, the previously published data used in that study to supplement the 
investigation findings for the case of uniform corrosion were based on different 
experimental anodic current densities, some up to 3000 µA/cm2. The 
acceleration by increasing anodic current density can have an effect on the 
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amount of Xcrit as explained earlier. The study by Torres-Acosta showed that the 
amount of rebar radius loss needed for cracking in the case of prismatic 
specimens is greater than that for cylindrical specimens. This effect may be 
attributed to the larger effective concrete cover associated with prismatic 
configuration. The investigator, however, made no distinction between the two 
kinds of specimens in deriving the relationship. Previously published data 
compiled by Torres-Acosta were also based on initial surface crack width of ~ 
0.05 mm whereas the limit state crack width in Torres investigation was defined 
as ~ 0.1 mm. The latter requires greater values of Xcrit to create wider surface 
cracks and therefore may lead to inaccurate comparisons between findings of 
different investigations [Alonso et al. 1998]. Further, the reported observation by 
Torres-Acosta of a scattered pitting along the stainless steel segments used may 
have influenced the values of Xcrit. The predictions by Torres-Acosta’s empirical 
model tended to yield overestimated amounts of Xcrit compared to the reported 
experimental observations. Further, the empirical nature of the model requires 
theoretical verification based on modeling the underlying phenomena. 
2.7.2 Darwin and O’Reilly’s Model (2011) 
A recent laboratory work focused on studying the amount of Xcrit for epoxy-
coated rebars (ECR) exposed to corrosion at deliberate coating defects. The 
coating damage patterns used to simulate generic coating defects were in the 
form of two holes drilled through the coating, each having a diameter of 3 mm or 
two defects, each having the shape of a coating damage peeled off half of the 
rebar perimeter to form half a ring having a band width of 3 mm. The holes or half 
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rings were spaced 102 mm apart on a 15 mm-diameter epoxy-coated rebar 
embedded in concrete with one inch cover. The corrosion of steel at the coating 
defects was accelerated by applying anodic current using a 30 V between the 
rebar and an auxiliary electrode. There was no information reported however, on 
the applied corrosion current density. The cover concrete was ponded with de-
ionized water throughout the test. The total accumulated mass loss was reported 
to have been calculated using Faraday’s law when a surface crack of 0.05 mm 
was observed. The specimens were kept under testing even after cracking to 
allow for monitoring of crack growth. Therefore, autopsy at the end of testing 
showed significant coating blistering and consequently increased exposed 
coating areas of holes and half rings by factors of 10 and 2, respectively. The 
experimental results showed that the rebars with two holes generally need about 
twice the amount of Xcrit needed for the rebars with two half rings almost 
regardless of the exposed steel surface area. The major drawback of this 
investigation is that there was no gravimetric measurement conducted to confirm 
the Faradaic-based values of mass loss. It is widely known that the actual mass 
loss can be significantly different from the mass loss calculated based on the 
applied anodic current [Alonso et al. 1998 and Torres-Acosta 2010]. Further, the 
assumption of corrosion loss in the two defects along a corroding rebar to be 
identical may lead to errors especially in the presence of coating blistering. 
Coated rebars are associated with uncertainty in the amount of corrosion 
damage due to wide variation in the extent of coating distress [Sagüés et al. 
2006]. Ponding the rebars in water may lead to the formation of soluble corrosion 
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products as exhibited by rust staining observed on the concrete surrounding the 
rebar. The soluble corrosion products can diffuse away from the steel-concrete 
interface and slow down the pressure build-up needed for cracking. Application 
of models based on those results for atmospherically-exposed RC structures 
may lead to overestimation of Xcrit. Further, the addition of air-entraining agents 
to the concrete mix may provide an additional space in terms of air voids for 
corrosion products to fill before stresses begin to develop. The latter can lead to 
increased corrosion tolerance (Xcrit), compared to concrete mixes without air-
entraining agents added.  
Darwin et al. conducted a three-dimensional FEM analysis in which a series 
of non-linear springs were used to provide a horizontal restraint along the plane 
of crack. The corrosion-induced cover cracking was assumed to initiate alongside 
the length of rebar. The properties of springs used in the analysis were based on 
concrete fracture energy, 61 N/m and provided an elastic modulus of 27.6 GPa 
and an ultimate tensile strength of 2.76 MPa. The concrete behavior away from 
the crack plane was assumed to be linear and elastic with an elastic modulus of 
27.6 Gpa and a 0.2 Poisson’s ratio. The relative volume of corrosion product was 
assumed to be 3 compared to steel. The stresses exerted by expansive 
corrosion products on surrounding concrete were represented by uniform 
deflection normal to the rebar surface. A visible crack of 0.05 mm was 
represented by a horizontal deflection of a point above the rebar at the concrete 
cover surface by 0.025 mm. 
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A model for Xcrit was suggested as a function of concrete cover (C), bar 
diameter (Ø), fractional corroding length (Lf) and fractional corroding area (Af) of 
the total rebar length and area, respectively, as follows: 
 
                     (
(      )    
Ø
      
     
       )    
                     (2.10) 
 
where C and Ø are in mm. The model is based on a proposed equation 
suggested to fit the results from the FEM analysis and experimental data of their 
own and from literature. The FEM analysis simulated coating damage patterns 
exposing steel areas of full-ring, half-ring and quarter-ring shapes with localized 
corroding lengths ranging from 3.2 to 203 mm. The cases tested included 
concrete covers of 2 and 3 inch and rebar diameters of 0.5, 0.75 and 1 inch. The 
results of the FEM analysis showed that corrosion loss needed for cover cracking 
increases as exposed area decreases regardless of the damage pattern which is 
not in agreement with the reported experimental findings. 
In addition to the drawbacks indicated earlier, the equation seems to be 
extracted from the best fit of experimental data obtained from cases of uniform 
and localized corrosion ignoring the effect of localization. The literature data used 
for comparison were corresponding to different limit crack widths such as ~ 
0.1mm [Torres-Acosta 2004]. No tolerance seems to have been assumed for the 
corrosion product to fill the porous transition zone at the steel-concrete interface 
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before stresses begin to build up. It is also not clear how the fractional values of 
corroding rebar length (Lf) and area (Af) can be calculated for real life structures 
with infinite amounts of entire rebar lengths and areas. The latter brings the 
applicability of equation (2.10) into question. Further, the FEM model also 
underestimated the Xcrit values compared to those obtained experimentally based 
on Faradaic evaluation of mass loss.  For instance, the model yielded a critical 
penetration value of 200 µm versus experimental values ranging from 350 to 900 
µm. Therefore, more research is needed to derive a more practical and reliable 
relationship for Xcrit. The rough approximate nature of the Darwin’s model 
predictions does not seem to reflect its level of sophistication which provides no 
significant advantage in its application over its empirical predecessor [Busba et 
al. 2013a].  
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3. EXPERIMENTAL METHODOLOGY1 
 
3.1 Introduction 
The experimental program was designed to include testing of commercially 
available reinforced concrete (RC) pipe sections, with mechanically-induced 
cracks. The test was intended to provide insight on the extent of corrosion 
localization likely to be encountered in service during exposure to chloride-
containing environment. The corrosion testing of the pre-cracked pipe sections 
was also needed to verify whether corrosion would be uniformly distributed 
around the perimeter of reinforcing steel at the corrosion influence zone. The 
exposure conditions were attempted to simulate the most severe conditions that 
RC storm drainage pipes are expected to encounter in service. Electrochemical 
impedance spectroscopy (EIS) was used to estimate the instantaneous corrosion 
currents at various instances throughout the test. Subsequent destructive 
examination permitted the gravimetric approximation of total mass loss and the 
calculation of the corresponding average corrosion rate based on the observed 
influence zone. The short-term corrosion rates, although severely aggravated by 
accelerated cyclic exposure, were only intended for comparison with the modeled 
corrosion rate values in chapter 5. The RC pipe experiment was terminated 
before any corrosion-induced damage was observed due to the long-term nature 
                                                          
1
 Contents include previously published materials in [Busba et al. 2013a and b]. Permissions are provided in appendix C.  
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of the corrosion process under natural conditions. The major part of the 
experimental program was focused on testing sound (un-cracked) reinforced 
concrete cylinders with controlled localized corrosion regions. Various degrees of 
corrosion localization were tested to determine the individual influence of 
corrosion localization on critical penetration needed for cover cracking. 
Therefore, the concrete cover thickness, rebar diameter, concrete quality and 
exposure environmental conditions were held constant. The controlled anodic 
regions were forced to corrode in an accelerated fashion using an impressed 
current system. The presence of localized corrosion along embedded steel in un-
cracked concrete represents cases such as at intersections with very narrow 
preexisting cracks. Localized corrosion conditions may also result from coating 
holidays in an epoxy coated rebar or from a concrete joint [Lau 2010b, Darwin et 
al. 2011, Tang et al. 2012 and Mohammed et al. 2003]. It may also be 
representative of a case where entrapped objects in concrete during construction 
result in local loss in the alkalinity required for steel passivity [Sagüés et al. 
2013]. 
 
3.2 Testing of Pre-cracked Reinforced Concrete Pipe Sections 
3.2.1 Materials and Specimens 
Two RC pipes from a commercially available source were evaluated. Each 
pipe was 2.4 m long and 45 cm in diameter (ID).  The pipes were manufactured 
in accordance with ASTM C76 [ASTM C76-2011].  The pipe type was class III B-
wall having a wall thickness of 63.5 mm. The nominal interior concrete cover (C) 
and diameter of reinforcing steel wire (Ø) were ~ 25 mm and ~ 4.75mm, 
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respectively. Table 3.1 lists the RC pipe product materials. The pipe concrete 
mixture contains about 20% cement replacement of fly ash.  This type of RC pipe 
is intended for highway storm drainage culvert applications requiring service for 
several decades with minimal interruption for repair and maintenance. 
 
Table 3.1 Concrete mixture proportions of RC pipes as reported by manufacturer 
Mix Design Designation # 4000 PSI 
Material Type Quantity 
Cement (kg/m3) 232 
Fly Ash (kg/m3) 61 
Sand (kg/m3) 1001 
Stone (kg/m3) 1051 
Water to Cementitious ratio 0.37 
 
 
Figure 3.1 illustrates the sectioning procedure of an RC pipe into two pipe 
rings that were in turn cut into test quadrants. The cutting process was performed 
using a wet concrete saw. Exposed steel wires at cut edges permitted the 
determination of the interior concrete cover thickness by direct measurement on 
the four edges of each quadrant using a ruler. The average value from the four 
edges for each quadrant specimen was plotted on figure 3.2 to construct a 
normal distribution of the interior concrete cover thickness for the two pipes 
under testing. The concrete cover thickness ranged from ~ 9 to 28 mm with an 
average and standard deviation of ~ 18 mm and 4.5 mm, respectively. Table 3.2 
lists the concrete cover thickness values for the individual test specimens as an 
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average of the measurements from the four edges for each specimen. The 
sectioned quadrants were subjected to pre-cracking under 3-point bending to 
create single longitudinal cracks extending along the entire specimen length. The 
0.45m-long cracks were oriented along the center of a quadrant in a direction 
parallel to that from the bell end to the spigot end of a pipe.  
 
 
 
 
                                              
 
Figure 3.1 Sectioning of RC pipes to produce quadrants 
 
The induced cracks were intended to have controlled average crack widths 
of 0.5 and 2.5 mm. Those target crack widths were selected to represent typical 
Reinforced concrete culvert pipe 
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crack width values commonly encountered in the RC pipes during construction or 
early in service for reasons not related to corrosion. Un-cracked specimens were 
tested in parallel as a control.  
 
 
Figure 3.2 RC pipe interior concrete cover thickness measured on edges of 
specimens 
 
Figure 3.3 shows the mechanical cracking rig employed to create cracks 
using three-point bending. The cracking rig was operated using an MTS 810 
machine (model no. 204.91). Figure 3.4 illustrates the orientation of generated 
cracks and the intersection of crack with the reinforcing steel. Monitoring of the 
obtained crack widths was performed during loading using a crack gauge 
composed of two metallic nuts glued around the specimen centerline (figure 3.6).  
Upon completion of the cracking process, confirmatory detailed measurements of 
crack width and depth were undertaken by means of a crack comparator and a 
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proprietary insertion gauges, respectively. The insertion gauge for estimating 
crack depth was a 0.3 mm-diameter wire.  
 
 
Figure 3.3 Three-point bending process used to generate cracks on the interior 
surface of the pipe quadrant specimens 
 
 
 
Figure 3.4 A schematic diagram for the mechanically-generated crack on a pipe 
specimen and the resulting crack-wire intersections  
 
The induced cracks were found to have intersected and reached the depth 
of the embedded steel. The measurements were performed at 12 mm intervals 
Intersection point between steel wire and crack 
Longitudinal wire 
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along the crack. Table 3.2 lists the average values of those crack width and 
depth measurements. The individual crack width measurements for each cracked 
specimen are shown in figure 3.5.  
 
Figure 3.6 exemplifies the exposure ponds of Plexiglas that were attached 
to both cracked specimens and control specimens. The ponding footprint area to 
be exposed to the test medium was 23 cm x 35.5 cm. In order to prevent leaking, 
the sides of each pond were sealed with silicone sealant. Likewise, the crack 
ends outside the footprint area and the back side of specimens were also sealed 
with epoxy.  The minimum level of test solution within the footprint zone was 
about 25 mm. 
 
Table 3.2 Characteristics of generated cracks in the RC pipe specimens 
Specimen 
#  
Target 
crack 
width          
Average 
concrete 
cover  
Achieved crack 
Width    
Average 
achieved 
crack 
depth                      Average 
Standard 
deviation 
R7 
0 
21.5 - - - 
R10 17.1 - - - 
R3 
0.5 
18.6 0.71 0.15 8.4 
R6 20.2 0.45 0.07 6.4 
R12 
2.5 
18.8 2.7 1.24 32.7 
R4 23.8 1.7 0.38 28.5 
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Figure 3.5 Crack width measurements for each individual cracked specimen 
 
 
 
 
Figure 3.6 Ponding footprint exposed to test solution for the cracked and control 
specimens 
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3.2.2 Environmental Exposure 
The duplicate control and cracked specimens shown in table 3.2 were 
tested to evaluate possible levels of corrosion. The specimens were initially 
exposed to continuous ponding to de-ionized (DI) water for a period of 33 days. 
This initial exposure was intended to allow the potential of reinforcing steel to 
reach a steady state in a slightly corrosive environment before the long-term 
exposure to a chloride-containing environment. The initial ponding was intended 
to obtain an insight on the corrosive effect to be expected upon exposure to more 
corrosive conditions in the main testing scheme. The entire experiment was 
conducted at lab temperature of ~ 25oC. At the end of the initial exposure period, 
the DI water was replaced with a sodium chloride solution having a chloride ion 
concentration of 500 ppm. The specimens were subjected to continuous ponding 
of that chloride solution for 115 days.  The chloride solution was nearly neutral 
initially and stabilized to a pH of about 8.7 after one month of exposure. The 
period of continuous ponding to chloride solution was followed by intermittent 
ponding to the same solution. The intermittent exposure period extended for 
seven cycles on a one week dry / one week wet basis. A new chloride solution 
was used for each wet cycle throughout the entire cyclic exposure regime so as 
to avoid changes to the solution due to evaporation or contaminants released 
from concrete. The intermittent exposure regime was adopted to address the 
possible increased corrosivity of chloride-containing aqueous media due to 
evaporative chloride concentration [Sagüés et al. 2001 and Glass et al. 1997]. 
Storm drainage culvert RC pipes may not normally be expected to encounter 
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such an excessive wet / dry cycling in service. However, the accelerated cycling 
was required to evaluate the possible level of corrosion damage severity and its 
morphology when corrosion becomes localized at crack-steel intersections under 
natural exposure conditions. 
 
3.2.3 Electrochemical Corrosion Assessment 
Steel open circuit potential (OCP) was measured at all exposure regiems 
using a saturated calomel reference electrode (SCE). The reference was placed 
at the center of the ponding footprint with the tip of the reference immersed in 
test solution and touching the concrete surface. Steel potential mapping was 
conducted over the exposed footprint area on a grid having 25 mm x 25 mm 
intervals. Due to its limitation as a corrosion characterization method, 
performance of OCP measurements were intended for initial corrosion evaluation 
of the embedded steel without information provided on corrosion rate [ASTM 
C876-2009, Gonzales et al. 2005, and Song et al. 2007]. Electrochemical 
Impedance Spectroscopy (EIS) is a technique used to measure the corrosion 
current of steel reinforcement and was applied here for measurements at all 
exposure environments [Mansfeld 1988 and Sagüés 1993]. The EIS test was 
performed by means of the Solartron® impedance equipment (Potentiostat and 
Analyzer SI 1287 & SI 1260). The impedance measurement was mainly run over 
a frequency spectrum ranging from 1000 Hz to 1 mHz. The low frequency end of 
the spectrum was selected to enable detailed sampling of information at that end 
which is typically of importance for determining corrosion rates. Due to the time-
consuming nature associated with conducting EIS extending to very low 
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frequencies, initial EIS test sessions were conducted over narrower frequency 
ranges for quicker measurements. The initial quick EIS frequency ranges had an 
upper end of 1000 Hz and lower ends of 10 mHz (during exposure to DI water) 
and 3 mHz (during exposure to chloride solution). 
 
The amplitude of EIS excitation signal was 10 mV with data sampling 
frequency being either 4 or 5 points/decade. An SCE reference electrode (RE) 
was immersed in test solution in a position same as that used for potential 
measurements. An activated titanium [Castro et al. 1996] mesh as a counter 
electrode (CE) was immersed in the test medium and was resting over the entire 
test footprint. The embedded reinforcing steel served as the working electrode 
(WE). Figure 3.7 shows a schematic illustration of the EIS test setup. The OCP 
and EIS testing were conducted on a daily and a weekly basis, respectively. For 
cyclic exposure however, testing was conducted only during wet exposure 
periods. 
 
 
Figure 3.7 Electrochemical impedance spectroscopy (EIS) test setup 
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The simplified electrochemical equivalent circuit shown in figure 3.8 was 
applied for interpreting the EIS data. The equivalent circuit is represented by a 
solution resistance (Rs) in series with two parallel components of a polarization 
resistance (Rp) and a constant phase element (CPE). The Rp component is 
related to the corrosion process whereas the CPE component represents a non-
ideal interfacial capacitance [Sagüés 1993].  
 
 
 
Figure 3.8 Simplified equivalent circuit applied for fitting and interpreting EIS data 
 
 
The total impedance (ZT) of the equivalent circuit is calculated by: 
 
                                              
 
  (  )  
 
  
                                           (3.1) 
 
where Rs is solution resistance, Rp is polarization resistance, j = (-1)0.5 and        
ω = 2   f, (f being frequency). Yo and n are CPE component parameters. The 
parameter (Yo) is a constant depending on the interfacial properties and has the 
unit of (Secn / Ohm). The parameter (n) is a real number with a value ranging 
from 0 to 1. The EIS parameters Rs, Rp, Yo and n were calculated by fitting the 
CPE (Yo, n) 
Rs 
Rp 
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experimentally measured values of total impedance ZT over a selected range of 
frequencies to the values of total impedance obtained from the equivalent circuit 
over the same frequency range.  In general, the frequency range evaluated was 
selected to incorporate the impedance data measured over a frequency range of 
10 mHz and below. The EIS data, however that were measured over a range 
having a lowest frequency end of 10 mHz, an approximation procedure was 
developed to calculate the respective polarization resistance values associated 
with those cases (appendix A.1).  Further description of that approximation 
procedure may be found in a report previously published by the author [Busba et 
al. 2011]. The data fitting was performed using the commercially available EIS 
data analysis software, Zview®, V3.2 C. The average corrosion current (Icorr) was 
calculated using Stern-Geary equation given by [ASTM G 102 – 89]:  
                                            
                                                    
 
  
                                                   (3.2) 
 
where, B is Stern-Geary coefficient which is estimated by a value of 0.26 V for 
active corrosion of steel in concrete [Andrade et al. 1989]. The average corrosion 
rates over the entire test duration were estimated later upon subsequent 
destructive examination using the actual surface area affected by corrosion as 
described next. 
3.2.4 Direct Corrosion Assessment 
Regular monitoring of cracked specimens was performed to check for 
visible evidence of corrosion. At the end of testing, the cracked specimens were 
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subjected to destructive examination by demolishing the concrete and extracting 
the embedded steel to confirm and quantify any corrosion damage. The extent of 
corrosion localization and distribution around the embedded steel in the corrosion 
influence zone was examined. The reduction in steel reinforcement diameter was 
estimated by means of a digital caliper and confirmed by the analysis of detailed 
magnified images of the affected region. For each specimen, the total observed 
amount of actual mass loss was calculated and compared with the nominal total 
mass loss estimated based on Faraday’s law using the integrated Icorr data for 
the same specimen. Calibration factors (Fc) were then derived for each nominal 
crack width, accordingly. A generic calibration factor (Fc) was obtained by 
averaging as a universal value for the calibration of the EIS-estimated corrosion 
current for each individual cracked specimen. In order to obtain information on 
corrosion rate evolution with time, the instantaneous corrosion currents estimated 
by equation (3.2) were calibrated. The calibration was performed for the average 
current over the period of each exposure environment using Fc obtained based 
on the actual amounts of corrosion observed. 
 
Similar sets of cracked and control RC pipe specimens from a different 
manufacturer were evaluated in parallel with the specimens reported here. 
However, the results of those were not considered here due to the presence of 
issues introduced by consolidation voids around steel causing corrosion to be 
mainly uniform along embedded steel. The findings of those cases were 
published by the author elsewhere [Busba et al. 2013b]. 
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3.3 Corrosion-induced Cracking of Sound Reinforced Concrete Cylinders 
3.3.1 Materials and Specimens 
Reinforced concrete cylinders were selected for testing due to their widely 
accepted configuration in previous investigations dealing with the corrosion-
induced cracking phenomenon [Chernin et al. 2011, Pantazopoulou et al. 2001, 
Munoz et al. 2007, Balafas et al. 2011, Bhargava et al 2006 and Lu et al. 2011]. 
Figure 3.9 illustrates a test specimen with a single central reinforcing smooth 
round bar with a controlled uniform concrete cover thickness surrounding the 
reinforcement. The presence of a single rebar would enable fundamental 
understanding of the individual effect of localized corrosion of a rebar on cover 
cracking without the complicating factors of parallel rebars or stirrups being 
present. The uniform concrete cover thickness represents the minimum concrete 
cover thickness in a reinforced concrete member. Experimental testing of 
reinforced concrete members with more sophisticated reinforcement 
configurations were not considered at this stage due to lack of basic knowledge 
in literature on cover cracking resulting from localized corrosion.  
 
                                         
Figure 3.9 Test specimen configurations 
C  
Ø = 14 mm C 
Rebars 
Concrete surface 
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The dimensions of test specimens were 101 mm in diameter and 203 mm in 
height with a concrete cover (C) of about 43 mm. The axial composite smooth 
metallic bar had a diameter (Ø) of about 14 mm. The reinforcing bar is composed 
of a central carbon steel segment having a length L representative of the 
localized anodic region. In order to control the degree of corrosion localization, 
the carbon steel segment was axially bounded by two segments of highly 
corrosion resistant nickel-based alloy (Hastelloy ® Alloy C22, UNS 06022) 
[Badwe et al. 2006]. The C22 alloy segments represented the adjacent passive 
(non-corroding) regions along the rest of the embedded rebar. The highly 
corrosion-resistant C22 alloy was selected to avoid the pitting issues associated 
with the relatively less corrosion-resistant stainless steel previously used in 
similar investigations [Torres-Acosta et al.1999 and 2004].The carbon steel 
segments were machined from a regular deformed rebar (figure 3.10 a) 
manufactured according to ASTM-A615M-03A with a size designation no. 7 
(Customarily known as rebar no. 7) [ASTM A615-2003]. The chemical 
compositions of the carbon steel rebar and C22 alloy are listed in table 3.3 
according to the mill certificates provided by respective manufacturers. Part of 
the reason why the carbon steel segments were prepared from a commercial 
product of steel rebar was obviously to obtain an electrochemical behavior 
representative to that expected in practice. Further, carbon steel extracted from 
non-rebar steel sources may include some elements uncommonly present in 
rebar steel. There is evidence in the literature that the presence of such 
uncommon elements may result in significant variation in estimating the actual 
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mass of lost steel.  That variation is attributed to over-cleaning issues during the 
subsequent removal of corrosion product with the Clarke’s solution of ASTM- G1 
at the end of testing [ASTM G1-2003 and Singh et al. 2003]. The relatively high 
amounts of mass losses reported in previous similar investigations, that involved 
the use of anodic steel segments fabricated from steel pipes, may in part be 
attributed to that issue [Torres-Acosta 1999]. More details on that phenomenon 
will follow in the chapter of results and discussion.  
 
Table 3.3 Chemical compositions of composite rebar materials 
 
   Carbon steel rebar* 
 
Specification ASTM-A615M-03A 
C Mn P S V Si Cr Cu Ni Sn Al Mo Fe 
0.41 0.85 0.017 0.054 0.02 0.18 0.14 0.4 0.09 0.013 0.045 0.017 Bal.     
   * (Grade 420 Mpa with carbon equivalent CE=0.58) 
   C22 Alloy (Hastelloy) 
Specification UNS N06022 
C Co Cr Fe Mn Mo Ni P S Si V W 
0.002 0.54 21.5 3.6 0.25 13.1 Bal. < 0.01 0.004 0.02 < 0.01 2.8 
 
The carbon steel segments were mechanically attached to the two outer 
C22 segments as illustrated in figure 3.10 b. The mechanical connection was 
made by means of an 8 mm - 18 thread type 316 stainless steel rod passing 
through a concentric borehole in the carbon steel segment.  The threaded rod 
was tightened into threaded holes within the adjacent ends of the outer segments 
of C22 alloy. Pitting of stainless steel connection rod was not an issue here since 
49 
 
that rod did not have any contact with the concrete medium. The three segments 
of each composite rebar were sufficiently tightened together with a torque wrench 
to avoid any possible crevice formation at the two intermediate joints.  
 
 
 
 
Figure 3.10 Components of composite bar. (a) deformed rebar machined to 
make the carbon steel segments and (b) exploded view 
 
The length of anode segment (L) was designed to represent the case of 
uniform corrosion and various cases of localized corrosion such as those likely to 
be encountered at intersections of steel with preexisting narrow cracks [Busba et 
al. 2013b]. The lengths (L) of anodic regions were selected so that the ratios of 
concrete cover to length of anodic zone (C/L) become equal to about 0.2, 1, 2, 3, 
(a) 
(b) 
Carbon Steel 
C22 C22 
316 SS threaded rod 
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4 and 5. Those ratios represent cases of various degrees of corrosion 
localization ranging from uniform (0.2) to highly localized (5). The test specimens 
intended to simulate uniform corrosion were made up of single bars of carbon 
steel along the entire embedded length. The range of C/L ratios considered 
included previously tested cases of localized corrosion (C/L=1 to ~ 3) in order to 
calibrate the existing empirical relationship and adjust it to apply for the broader 
range [Torres-Acosta et al.2004]. The machined carbon steel segments were 
surface finished with 800-grit sand paper and cleaned with acetone before 
concrete casting according to the procedure of ASTM G01-03 [ASTM G01-2003]. 
In order to examine the possible influence of the deformed configuration of 
regular rebars, a parallel set of specimens were subjected to uniform corrosion 
along the entire length of deformed rebars. The tested deformed rebars had a 
designation size no. 5 for closest nominal diameter (~ 15 mm) approaching that 
of the smooth bar test specimens. The test rebars had the same specification as 
that of the rebar (no. 7) used for preparing the smooth carbon steel segments. 
However, the test rebars were used in the as-received surface condition for 
concrete casting. The bar ends sticking out of concrete in all cases of uniformly 
corroding specimens were coated with epoxy. The reason for not using deformed 
rebar carbon steel segments for all test specimens instead of the smooth round 
bars will be discussed in section 3.3.2.5 and in chapter 4. In preparation for 
subsequent cable connection during testing, a stainless steel bolt (M 3.5 – 0.06) 
was mechanically attached to one of the outer rebar ends to ensure a good 
electrical contact. All specimens were tested in triplicate for reproducibility 
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purposes. Table 3.4 shows the matrix of test specimens, dimensions and the 
initial carbon steel weights needed for subsequent mass loss calculations. 
In order to enable comparisons of the present findings with literature, the 
concrete compositions as well as curing and testing procedures were attempted 
to mimic the test conditions of a similar previous work [Torres-Acosta et al. 2004]. 
The concrete casting of test specimens was performed using cylindrical plastic 
molds with the composite rebar held at the centerline of the cylinder. The 
cylindrical molds were kept in a vertical position during concrete casting to 
minimize bubble formation and bleeding at the rebar / concrete interface. An 
additional group of non-reinforced concrete specimens were prepared to allow for 
subsequent destructive testing for compressive and splitting tensile strengths as 
well as exact determination of actual admixed chloride levels. All specimens were 
placed on a vibrating table for 45 seconds after casting to release any trapped air 
bubbles. Table 3.5 lists the concrete mixture compositions and proportions as 
well as the compressive and splitting tensile strengths measured after 28 days 
[ASTM C39-2003 and ASTM C496-2011]. A chloride contamination level was 
introduced by admixing sodium chloride with the concrete mixture to assist in 
activating corrosion of anodic zones during anodic polarization. The chloride ion 
concentration was intended to exceed the typical literature-reported value of 0.4 
% by weight of cement for corrosion chloride threshold of rebar steel in concrete 
[Glass et al. 1997]. The actual levels of chloride ion concentrations determined 
by chloride analysis in accordance with a standard test procedure are listed in 
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table 3.5 [FM5-516-2009]. All the test specimens were cured by keeping them in 
a moist chamber for 4 weeks after removing them from their plastic molds. 
  
Table 3.4 Test specimens and initial weights of anodic segments 
Type of 
Corrosion 
Specimen # Ø/ mm 
Nominal 
L /mm 
Nominal 
C/L 
C/Ø 
Initial 
weight of 
steel / g 
Localized         
Smooth 
bar 
101 14.27 43.73 1.00 3.06 37.215 
102 14.28 43.7 1.00 3.06 36.840 
103 14.3 43.6 1.00 3.05 36.840 
201 14.23 21.62 2.02 3.07 18.197 
202 14.23 21.61 2.02 3.07 18.327 
203 14.27 21.7 2.01 3.06 18.378 
301 14.31 14.77 2.95 3.05 12.517 
302 14.32 14.55 3.00 3.05 12.402 
303 14.32 14.75 2.96 3.05 12.535 
401 14.29 10.65 4.10 3.05 9.017 
402 14.3 10.6 4.12 3.05 8.965 
403 14.3 10.5 4.16 3.05 8.845 
501 14.22 8.57 5.10 3.07 7.124 
502 14.22 8.58 5.09 3.07 7.189 
503 14.25 8.61 5.07 3.06 7.224 
Uniform                          
Smooth 
bar           
(1st set) 
U1 14.12 203.2 0.215 3.09 280+ 
U2 14.05 203.2 0.215 3.1 277.6+ 
U3 14.05 203.2 0.215 3.1 277.8+ 
Uniform             
Smooth 
bar                       
(2nd set) 
U4 14.13 203.2 0.215 3.09 277.3+ 
U5 14.32 203.2 0.215 3.05 284.9+ 
U7 14.03 203.2 0.215 3.11 279.7+ 
Uniform             
(Deformed 
rebar) 
R1 15.88* 203.2 0.21 2.7 348.2+ 
R2 15.88* 203.2 0.21 2.7 347.2+ 
R3 15.88* 203.2 0.21 2.7 338.1+ 
 
* Nominal diameters, + Initial weight of entire bar including the ends of bar sticking 
out of concrete cylinder without the epoxy coating (~12.5 mm on each side).  
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Table 3.5 Concrete mixture compositions and mechanical properties 
Material  I II 
Cement, kg/m3   (Type I) 426 426 
Water, kg/m3 201 200.5 
Water to cement ratio (W/C) 0.47 0.47 
Coarse Aggregate,  kg/m3                                                                                                        
(Lime stone # 89)                                                                       
[ASTM C33] 
949 949
Fine Aggregate, kg/m3                                                                                              
(Silica sand) 
676 676 
Total chloride ion content,                                                                                     
% by weight of cement                                                                                
(As part of sodium chloride)                   
[FM5-516-2009] 
1.1 2.43 
Entrained air content % 5.7 4.3 
28-day Compressive Strength, MPa                                           
[ASTM C-39]    
38.93 45.9 
28-day Tensile splitting strength, 
MPa                                           
[ASTM C496]    
- 4.438 
 
N.B. (I): batch used for the cases of localized corrosion and the first set of uniformly 
corroded smooth bars. (II): batch used for the uniform corrosion of deformed rebars and 
the second set of uniformly corroded smooth bars. 
 
3.3.2 Experimental Procedure 
3.3.2.1 Acceleration of Corrosion and Exposure Conditions 
In order to force the carbon steel to corrode in an accelerated fashion, the 
embedded bars were polarized by applying constant anodic current. The anodic 
current density was designed to achieve a target value of 100 µA/cm2 [Alonso et 
al. 1998 and El Maaddawy et al 2007].  That corrosion current density was 
thought to cause sufficient acceleration but without introducing exotic 
electrochemical phenomena irrelevant to the natural process of steel corrosion in 
concrete [Lazari et al. 2000].  
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The current to be applied was considered to be only possible to flow through 
the carbon steel-concrete interface in terms of corrosion current with negligible 
amount passing through the C22 alloy-concrete interface. The total current to be 
applied was therefore calculated to achieve the target current density, for each 
specimen, based only on the surface area of the carbon steel. An impressed 
current system was designed with multiple channels to provide the required 
current for each case under galvanostatic control. Figure 3.11 shows the 
configuration of the counter electrode (CE) used as a means of passing current 
through concrete. The counter electrode composed of two 50 mm-wide 
conductive rubber bands held firmly in place by aluminum collars [Bains et al. 
1989]. The rubber bands were spaced apart around the middle of a specimen by 
a distance of 25 mm to allow for regular monitoring of surface cracking over the 
center of the anodic spot.  
A FE analysis was performed to ensure that the selected CE geometry 
provides a uniform current distribution for the various lengths of carbon steel 
segments. For numerical simulation purposes, a concrete resistivity typical of the 
material used was assumed to be in the order of 100 ohm-m and the C22 
segments assumed to demand no current (surface-isolated). The numerical 
results for the actual CE geometry were compared with those for a case where 
the counter electrode was covering the entire concrete surface. The comparison 
suggested that the selected geometry of CE is capable of providing nearly 
uniform current distribution. The FE results are shown in appendix A.2.  
55 
 
The values of experimental applied currents shown in table 4.2 were found 
to be fairly constant within ± 1% of the target values. The applied voltage 
between the embedded bar and the counter electrode was initially found to be 
about 1.5 to 2 Volts. The amount of admixed chloride ions indicated earlier was 
required to be greater than the 0.4 % by weight of cement based on the 
literature-reported value for rebar steel in concrete [Glass et al. 1997]. The 
chloride ion addition would assist in lowering the pitting potential and breaking 
the passive layer under the applied constant current [Jones 1996]. Therefore 
most of the applied current can be consumed in turning steel into rust and 
thereby increase current efficiency [Nossoni et al. 2012]. Due to the nature of 
smooth surface finish and the effect of small size of the carbon steel segments, a 
higher value of chloride corrosion threshold may be needed to trigger corrosion 
[Li et al. 2001 and Angst et al. 2011a]. The chloride concentration however is 
expected to increase further at the bar – concrete interface as chloride ions 
transport towards the embedded bar by migration under the applied electric field. 
At the end of testing, two concrete samples were extracted from two locations 
along the radial direction at the center of a selected specimen after autopsy. The 
concrete powder samples were subjected to chloride analysis to confirm the 
expected increase in chloride ion concentration towards the inner regions close 
to the rebar.   
The concrete specimens were placed in a test chamber (figure 3.12) 
controlled at a relative humidity of 85 ± 5% for a period of ~ 6 months (1 month 
for the deformed rebar and for the 2nd set of uniform specimens). The specimens 
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Figure 3.11 A schematic illustration of impressed current circuitry. The shaded 
central area along the rebar represents the localized anodic region 
 
 
 
Figure 3.12 Test specimens under impressed current in a controlled RH chamber 
 
were intended to stabilize before energization of current. The value of 85% RH 
was chosen in part because it is reported in the literature to be the point of 
highest corrosion risk [CEB 1985]. The required RH was achieved by blowing air 
on a beaker of saturated solution of potassium chloride (KCl) placed in an air-
tight chamber [Young 1967]. Regular monitoring of RH was made using a 
Psychrometer device [ASTM E 337-1984]. The specimens were tested at an 
average lab temperature of ~ 22OC. 
 Galvanostat 
 
Conductive Rubber Ring 
 Aluminum Collar 
 CE 
Impressed Current 
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3.3.2.2 Detection of the Onset of Corrosion-induced Cracking  
Once the specimens have been subjected to anodic polarization, the 
applied current and voltage were monitored on a daily basis until corrosion-
induced cracking appeared on concrete surface. Daily visual monitoring for 
appearance of surface cracking was performed. Specimens were disconnected 
and extracted for detailed microscopic examination utilizing a graduated optical 
microscope with 100X-magnification on a biweekly basis. The microscopic 
examination was required to check for invisible cracks and to accurately measure 
crack width.  
 
Cracking was found to be associated with gradual increase in applied 
voltage immediately before it appeared on the concrete surface which in turn 
provided an early evidence of cracking. That increase may be attributed to an 
increase in concrete resistance when cracks begin to emerge at the rebar – 
concrete interface [Torres-Acosta 2010]. Once the crack width at the surface of a 
specimen has reached a value of ~ 0.1 mm, the specimen was permanently 
disconnected for detailed examination. The surface crack was traced on a 
transparent paper for later comparison of its orientation with the steel corrosion 
morphology.  
 
3.3.2.3 Corrosion Evaluation and Estimation of Critical Penetration (Xcrit) 
The cracked specimens were demolished to retrieve the carbon steel 
segments for inspection of corrosion morphology and for gravimetric evaluation 
of mass loss. The extent to which the steel corrosion product has radially 
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transported into surrounding concrete was visually examined. The surface area 
of corroded carbon steel regions was estimated by the area covered by the steel 
corrosion product which was confirmed after rust removal and adjusted if 
required. Further, the extent of steel corrosion product transporting sidewise on 
each side of the carbon steel segment along the adjacent C22 alloy segments 
was inspected and measured.   
Subsequently, the steel corrosion product was removed off the surface of 
carbon steel segments in accordance with the procedure of ASTM G1-03 [ASTM 
G01-2003]. The measured amount of lost steel mass in grams, ΔmG, was 
estimated by subtracting the final weight measured after cleaning from the initial 
weight in table 3.4.  The theoretical mass loss of steel, ΔmF, resulting from the 
applied current was calculated based on Faraday’s first law of electrolysis 
(equation 3.3). The corrosion current efficiency was evaluated according to 
equation 3.4. 
 
                                      
 
   
                                                      (3.3) 
 
where the term (M/nF) is referred to as the electrochemical equivalence of the 
iron substance (assuming the steel is pure iron), (M) being the molar mass of iron 
(M=55.847 g/mol), (n) is the effective valence of the iron ions dissolving (n=2) 
and (F) is Faraday’s constant which is made up of the product of the electron 
charge by the Avogadro’s number (F=96485 C/equivalent). The term (I.t) 
represents the electric charge, where (I) is the applied anodic current in amperes 
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and (t) is the time in seconds during which the current has been passed through 
the circuit. 
                                    Current Efficiency  
   
   
                                      (3.4) 
 
The distribution of corrosion along and around the perimeter of carbon steel 
segments was examined and detailed images taken. When the entire surface of 
carbon steel segment was affected by corrosion (figure 3.13a), the average value 
of Xcrit was simply estimated by: 
 
                          Xcrit / µm 
      
 
  Ø 
                                               (3.5) 
 
where   is the density of iron (  =7.858 g/cm3) and Ø & L are the diameter and 
length in cm of the carbon steel segment, respectively. Since the value of Xcrit is 
typically in the order of µm and much smaller than Ø, the effect of bar surface 
curvature on volume – depth relationship was ignored. On the other hand, when 
the carbon steel segment exhibited only partially corroded surface area (figure 
3.13b), (i.e. corrosion not covering the entire perimeter), two approximate 
approaches were used to estimate the value of Xcrit [Busba et al. 2013a]. The 
actual surface areas (Ac) of partially corroded steel segments were measured 
using the image analysis computer software – Image J ®. 
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For the instances of partially corroded surface area AC (less than  ØL), the 
two proposed approaches were applied. The approaches presented two 
alternative cases equivalent to the case of partially corroded surface but with the 
surface area of the carbon steel segment entirely corroding around its perimeter.                                                       
 
Figure 3.13 Illustration of corrosion distribution around rebar perimeter showing 
(a) entirely and (b) partially corroded surface area of steel bar segment. 
Approximate approaches (b1) and (b2) used as equivalent cases to case (b). 
 
 
In approach 1, the actual corroded region (Ac) in figure 3.13 (b) is assumed 
to be equivalent to a case where corrosion affects a shorter segment (Leq) but 
covering the entire perimeter. The depth of average penetration (Xcrit) remains 
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unchanged to keep the consumed steel volume same as the estimated amount. 
According to approach 1 in figure 3.13 (b1), the average Xcrit and the equivalent 
length of segment experiencing entirely corroded surface are given by equations 
3.6 and 3.7, respectively.  
 
                                Xcrit / µm 
      
 
    
                                         (3.6) 
 
                                              Leq = Ac/( Ø)                                              (3.7) 
                       
In approach 2, the effect of partially corroded surface area in figure 3.13 (b) 
is assumed to be equivalent to a case in which corrosion entirely covers a 
segment having the same diameter Ø and the same length L. The surface 
however experiences a smaller depth of penetration (Xcrit eq) to maintain a 
constant volume of lost steel as that estimated experimentally. According to 
approach 2 in figure 3.13 (b2), the equivalent average value of critical penetration 
(Xcrit eq) is given by: 
 
                                       Xcrit eq / µm 
      
 
       
                                            (3.8)                                                     
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The results obtained from applying the above two approaches were 
compared later with literature data obtained from cases where the localized 
anode segments experienced corrosion nearly on their entire surfaces. In the 
following chapter, the generic term Xcrit will be used to represent both Xcrit and 
Xcrit eq. Similarly, the generic term L will be used to represent L and Leq. The 
ratio of concrete cover to the actual corroded length will be referred to as C/L. 
Nevertheless, the specimen group names will frequently be referred to in terms 
of the ratio of concrete cover to the nominal length of carbon steel segment. In 
the latter, the ratio would be referred to as the nominal C/L. 
3.3.2.4 Characterization of Corrosion Products on Carbon Steel and C22 Alloy 
The chemical composition of steel corrosion product deposited on carbon 
steel and covering the ends of adjacent C22 Alloy segments was determined. 
Chemical analysis was performed by Energy Dispersive Spectroscopy (EDS) 
analysis. The procedure involved the collection of two corrosion product samples 
by scraping the scale on the carbon steel and by collecting a powder from the 
opposite interface concrete. A third sample was obtained from a tarnish-like scale 
observed mid-way along the C22 Alloy segment of some specimens. The 
chemical analysis results of the tarnish observed on C22 Alloy were compared 
against the results of the steel corrosion product samples taken from the surface 
of carbon steel. That comparison was intended to determine whether the tarnish 
scale was resulting from the C22 Alloy or a deposit of steel corrosion product 
transported sidewise along rebar. The C22 Alloy segments affected by slight 
tarnishing were examined using optical microscope for evidence of pitting before 
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and after chemical removal of tarnish scale according to ASTM G1-03 [ASTM 
G01-2003]. The affected C22 Alloy segments were subjected to gravimetric 
evaluation of mass loss based on the recorded initial weight. The determination 
of that undesirable mass loss is required to explore likely implications on applied 
current efficiency. More importantly, that evaluation is needed to examine 
possible influence of C22 Alloy slight corrosion on the degree of localization 
parameter being tested on estimating Xcrit. 
Secondary additional testing of possible oxygen evolution on the C22 Alloy 
was performed to confirm whether it is a factor to be considered in calculating the 
applied current efficiency.  Duplicate cylindrical concrete specimens having ~ 51 
mm diameter by ~101 mm height were used. The specimens were axially 
reinforced with ~ 14 mm diameter single bar of C22 Alloy and subjected to about 
100 µA/cm2 anodic current density. The material of the embedded bar was totally 
C22-Alloy and using the same concrete material as that in table 3.5 (batch I). 
3.3.2.5 Reliability of Procedure for Gravimetric Determination of Mass Loss 
Quantification of corrosion by the application of Faraday’s law for the 
conversion of applied current to mass loss is associated with uncertainties. Low 
current efficiencies are usually related to issues such as consuming part of the 
applied current in oxygen evolution reaction [Nossoni et al. 2012]. Therefore, 
gravimetric evaluation of mass loss per ASTM G1-03 was employed in the 
present work for more reliable estimation of Xcrit. The ASTM-recommended 
chemical removal of rust involves the use of a solution containing 1000 mL 
concentrated hydrochloric acid (HCl), 20 g antimony trioxide (Sb2O3) and 50 g 
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stannous chloride (SnCl2). The cleaning solution (widely known as Clarke’s 
solution) is used for rust removal in a cyclic fashion for a total cleaning time of 
25-30 minutes at lab temperature. That procedure may be described as 
hydrochloric acid pickling process with acid inhibitors added to minimize acid 
attack to base metal while allowing removal of rust and mill scale [Fox et al. 
1993]. Incorrect application of the ASTM procedure may result in over or under 
cleaning. Sources of error may arise from storage and excessive reuse of the 
Clarke’s solution, insufficient mixing, extended cleaning durations or heating 
while cleaning. Nevertheless, compliance with the ASTM procedure when testing 
corrosion performance of deformed rebars with mill scale may not guarantee 
reliable quantification of mass loss. The mill scale is a layer of iron oxides formed 
during rebar hot rolling. The thickness of mill scale reported in literature found to 
be ranging from 2 – 70 µm [Ghods et al. 2011, Jaffer et al. 2009]. The mill scale 
on deformed rebars may possibly be removed when chemically cleaned in the 
as-received condition even without exposure to corrosion. That issue can lead to 
incorrect estimation of Xcrit. 
 
Based on the above discussion, an experimental investigation was 
performed to test the effect of the ASTM cleaning procedure on corrosion testing 
of deformed rebars. The test involved chemical cleaning of deformed rebars 
covered with mill scale (R4 and R5) in their as-received condition as well as 
smooth carbon steel bars (U8 and U9) according to the ASTM procedure. The 
deformed rebars and smooth bars had the same materials, dimensions, surface 
conditions as those for the specimens listed in table 3.4. The mass loss was 
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determined gravimetrically and the corrosion penetration calculated. The purpose 
was to examine the possible influence of the presence of mill scale on the values 
of Xcrit evaluated by testing deformed rebars. Electrochemical impedance 
spectroscopy (EIS) was employed to estimate the rate of metal / rust removal 
during the process of chemical cleaning.  
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4. RESULTS AND DISCUSSION2 
 
4.1  Pre-cracked Reinforced Concrete Pipe Specimens 
 
4.1.1 Direct Observation and Qualitative Electrochemical Testing 
Visual and open circuit potential (OCP) testing suggested that the 
specimens having nominal crack widths of 2.5 mm are more prone to corrosion 
damage than those having nominal crack widths of 0.5 mm. The case of 
relatively wide cracks is likely to be associated with neutralized solution within 
cracks due to efficient water mixing with bulk water. That neutralization can result 
in sufficiently low electrolyte pH for steel passivity breakdown leading to 
increased susceptibility to corrosion attack even at low chloride concentrations. 
One of the specimens having 2.5 mm nominal crack width (R12) exhibited a 
visible sign of rust within the crack after only two weeks of continuous chloride 
ponding. The other duplicate specimen of 2.5 mm nominal crack width (R4) 
showed a small rust spot at one steel-crack intersection after 52 days. Figure 4.1 
shows the rust spot observed at one crack – steel intersection within the 2.5 mm 
wide crack of specimen R12. On the other hand, the cases of 0.5 mm nominal 
crack widths did not show any external sign of corrosion damage. The out-
migrating corrosion product through pre-existing cracks seems to relieve build-up 
of stresses that would otherwise develop at steel-concrete interface. Therefore, 
durability prediction for cases of preexisting wide cracks may best be evaluated 
                                                          
2
 Contents include previously published materials in [Busba et al. 2013a and b]. Permissions are provided in appendix C. 
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based on time to critical loss in steel cross-section.  Conversely, accumulation of 
rust and corresponding pressure build-up at steel – concrete interface in the case 
of narrow cracks is expected to result in further cover cracking. Corrosion-
induced further cracking of concrete cover having a narrow crack would be even 
more pronounced when the cracks become self-healed [Neville 2002]. Self-
healing of about 0.5 mm wide cracks was previously reported to be capable of 
partially recovering mechanical and electrochemical properties [Ramm et al. 
1998]. The current study is only focused on the corrosion-induced cracking 
damage mode applicable to uncracked concrete or to concrete containing narrow 
preexisting cracks. 
 
 
 
Figure 4.1 Rust observed at an intersection of steel with 2.5 mm-wide crack after 
continuously ponding in chloride for two weeks in specimen R12. (Indicated by 
arrow) 
 
Open circuit potentials (OCP) provided a supplemental qualitative indication 
of corrosion level. Locations of most negative potentials of steel in reinforced 
concrete under atmospheric exposure conditions are indicative of active 
corrosion. Conversely, least negative potentials are indicative of either passive or 
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low corrosion activity. General guidelines on potential ranges for evaluating risk 
of corrosion are detailed in ASTM C-876 [ASTM C876-2009]. Figure 4.2 shows 
the OCP values for the pre-cracked and control duplicate RC pipe specimens 
averaged over each exposure environment. The specimens having 2.5 mm wide 
cracks exhibited the most negative potential over the three test conditions. Those 
highly negative potentials indicate high risk of corrosion activity in the case of 
wide cracks even in the absence of chloride during exposure to DI water. In 
contrast, the control specimens exhibited much less negative potentials 
comparable to values expected for passive steel in concrete. 
 
 
Figure 4.2 Open circuit potentials for duplicate specimens averaged over each 
exposure environment for the pre-cracked and control specimens.  
 
 
On the other hand, the OCP values for the specimens having 0.5 mm wide 
cracks were distinctly at intermediate levels between those for the 2.5 mm-wide 
crack and control specimens. Those levels of OCP indicate some extent of 
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corrosion activity with their slightly mitigated values possibly signifying smaller 
corrosion-affected zones.  
 
Potential mapping provided evidence that corrosion is localized at 
preexisting crack – steel intersections as manifested by the most negative 
potentials observed at those intersections. Figure 4.3 shows the potential maps 
recorded during the dry period of the fifth dry / wet exposure cycle for specimens 
having 2.5 mm (R12) and 0.5 mm (R3) wide cracks. All potentials in the footprint 
area of specimen R12 were more negative than -300 mVSCE at cyclic exposure to 
chloride  indicating large areas affected by corrosion (figure 4.3 a). In specimen 
R3, only potentials at some crack-wire intersections were more negative than      
-300 mVSCE at cyclic exposure indicating highly localized corrosion (figure 4.3 b). 
 
4.1.2 Destructive Examination 
Detailed direct inspection showed that all crack wire intersections were 
influenced by corrosion within the test footprint area. Corrosion was found to be 
uniformly distributed around the perimeter of steel reinforcement in both cases of 
0.5 mm and 2.5 mm nominal crack widths. Figure 4.4 shows the extent and 
distribution of corrosion damage for one of the preexisting crack-wire 
intersections shown in figure 4.3 (a) in specimen R12. Measurements of extent of 
corrosion on each side of the crack were performed to determine the size of 
corrosion influence zone. The average lengths of corrosion zones were found to 
be in the order of 10 and 5 mm for the cases having nominal crack widths of 2.5 
and 0.5 mm, respectively.  
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Figure 4.3 Potential mapping performed at the dry period of the fifth cyclic 
exposure for pre-cracked specimens having nominal crack widths: (a) 2.5 mm 
(R12) and (b) 0.5 mm (R3). All potentials are in mVSCE. Broken line and arrows 
indicate approximate pre-existing crack positions and intersections with steel, 
respectively. 
 
The depth of corrosion penetration (radius loss in steel wire) was found to 
be largest at the intersection point and gradually decreasing away from the 
intersection on each side of the preexisting crack. Actual values of radius loss 
over the corrosion-affected zones were approximately measured for all 
specimens and transformed into mass loss. Those results are listed in table 4.1 
and will be shown later to be useful in calibrating the EIS-estimated corrosion 
currents. Considering the concrete cover values shown in figure 3.2, the 
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corrosion localization may be expressed in terms of the ratio of concrete cover to 
length corrosion zone (C/L). The values of C/L were found to be ranging from 
about 1 to 5 when taking into account the standard deviations in concrete cover 
thickness. 
 
 
 
Figure 4.4 Observed corrosion influence zone and morphology at the intersection 
of preexisting crack with steel after demolishing at end of experiment. For the 
intersection indicated by the blue arrow in figure 4.3 (a) 
 
4.1.3 Electrochemical Impedance Spectroscopy 
Information on evolution of corrosion currents versus time were obtained by 
various EIS testing of specimens conducted over the three exposure regimes. 
Since the EIS tests were performed before autopsy, the actual corroding surface 
areas were not know at the time of measurements. Therefore, the impedance 
responses shown next represent the integrated values over the total surface area 
of embedded steel (~400 cm2). Most of that area was in the passive state 
whereas the steel in intersection regions underwent active corrosion. No 
attempts were made at this stage to present surface area-normalized impedance 
values due to changes in area of influence zone from specimen to another and 
with time. Estimates of corrosion rates based on the final size of corrosion zones 
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revealed by autopsy are presented later here. Figure 4.5 shows an example of 
the impedance spectra for the pre-cracked specimens having nominal crack 
widths of: (a) 0.5 mm and (b) 2.5 mm. The EIS data shown are testing after 95 
days of continuous chloride ponding following the initial DI water exposure. The 
impedance response in figure 4.5 (a) for specimen R6 is characterized by a 
straight line reflecting very high polarization resistance and zero corrosion 
current. The inclined straight line response is a characteristic trend of the CPE 
element [Sagüés et al. 1992]. The response for specimen R3 is very slightly 
showing some curvature indicating that the polarization resistance has a finite 
value but still high which results a negligible amount of current. In contrast, the 
impedance spectra in figure 4.5 (b) indicates significantly less values of 
polarization resistance which correspond to much higher corrosion currents. It is 
worth noting that conclusions on corrosion trends were drawn based on 
considering results from multiple EIS tests and not only on those exemplified in 
figure 4.5. Figure 4.6 shows an example of the equivalent circuit fitting for the EIS 
spectrum of specimen R4 in figure 4.5 (b). It is shown that the low frequency part 
of the EIS response may reasonably be fitted in accordance with the analogue 
equivalent circuit in figure 3.8 and extrapolating the fit to determine the value of 
Rp. The high frequency end of the response was excluded from fitting due to 
uncertainties arising from fitting complications when considering that part of the 
spectrum in some EIS spectra. Those uncertainties may be attributed to changes 
in the high frequency portion due to uneven distribution of EIS excitation current 
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caused by the high resistivity and corrosion localization [Sagüés et al. 1992 and 
Kranc et al 1996]. 
 
  
 
 
 
 
 
 
 
Figure 4.5 EIS integrated response over the entire embedded steel surface (400 
mm2) for pre-cracked specimens having nominal crack widths: (a) 0.5 mm and 
(b) 2.5 mm after 95 days of continuous chloride ponding. Frequency range 1 
mHz to 1000 Hz, 5 points / decade. 
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Figure 4.6 Fitting of EIS spectrum of specimen R4 in figure 4.5 (b) using the 
equivalent circuit fit for the data over the frequency range indicated. The fitting 
line was extended by a broken line to hit the limit of zero frequency. Impedance 
values are not normalized to surface area. 
 
It is apparent from the EIS spectrum in figure 4.6 that the phase angle at the 
high frequency portion goes to zero and deviates from zero as the frequency 
increases. That end of the spectrum was not considered in the analysis either, 
because it corresponds to the dielectric properties of the electrolyte medium. 
Consequently the evaluation of Rp was made based on the selected frequency 
range indicated earlier. The possible influence of limiting the analysis to the 
selected range on results of Rp was examined and found to be insignificant. A 
comparison was made between two analyses of the EIS data of specimen R4 
considering two frequency ranges from 1 mHz to 10 Hz (figure 4.6) and 1 mHz to 
1000 Hz. The equivalent circuit fitting parameters Rs (Ω), Rp (Ω), Yo (sec
n/Ω) and 
n were found to be 117, 268, 0.037 and 0.501, respectively for the limited 
frequency range. Those parameters were found to be 123, 271, 0.042 and 0.509, 
respectively for the extended frequency range. The change in polarization 
resistance (Rp) was in the order of 2%.  
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The solution resistance (Rs) values were estimated from the Nyquist 
diagram by noting the real impedance value corresponding to the lowest phase 
angle at the high frequency end of the EIS spectrum. Figure 4.7 shows the Rs 
values for the pre-cracked and control duplicate specimens averaged over each 
test environment. The values of Rs increased as the crack width decreased and 
were highest for the uncracked specimens over all test conditions. The presence 
of 2.5 mm and 0.5 mm wide cracks resulted in reduction in solution resistance by 
factors of 2 and 1.5, respectively. The EIS technique was proven to be a 
promising tool for detecting cracks in reinforced concrete.  
 
 
 
Figure 4.7 Solution resistance (Rs) values obtained from EIS and averaged over 
each exposure regime for duplicate pre-cracked and control specimens  
 
Figures 4.8 and 4.9 show the parameter values Yo and n of the CPE as 
determined by EIS data fitting to the equivalent circuit, respectively. The fittings 
performed for the EIS spectra over the selected frequency range 1 to 10 mHz. 
The diagrams in figures 4.8 and 4.9 show values for duplicate pre-cracked and 
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control specimens averaged over each exposure period. The values of Yo 
showed an increasing trend with the increase in crack width. 
 
  
Figure 4.8 The CPE parameter Yo derived from fitting over the frequency range 
0.001 to 0.01 Hz. The values of Yo averaged over each exposure regime for 
duplicate pre-cracked and control specimens. 
 
  
Figure 4.9 The CPE parameter n derived from fitting over the frequency range 
0.001 to 0.01 Hz. The values of n averaged over each exposure regime for 
duplicate pre-cracked and control specimens. 
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The exponent n was mostly falling between 0.5 and 0.7 which is 
characteristic of common EIS response of steel in concrete [Sagüés et al. 1992]. 
It is emphasized that the values of Rp obtained from multiple EIS testing were 
presented in the form of instantaneous corrosion currents and mass losses as 
will be shown next. 
 
4.1.4 Evaluation of EIS Results and Estimation of Corrosion Rates 
 
The apparent instantaneous corrosion current (Iapp) corresponding to each 
EIS measurement was calculated from equation 3.2. The instantaneous mass 
loss was calculated from equation 3.3 but replacing the term (I) with (Iapp). The 
instantaneous mass loss was calculated over each exposure environmental 
condition and plotted as a cumulative mass loss versus time for each specimen 
in figure 4.10. The total mass losses directly estimated earlier based on 
destructive examinations were also plotted on figure 4.10 for comparison 
purposes. Comparison of mass loss values from both methods suggested that 
the EIS-based method underestimated the corrosion currents. That observation 
may be attributed to the nature of EIS response associated with localized 
corrosion [Sagüés et al. 1992].  
 
Table 4.1 lists the total mass losses determined based on both EIS and 
direct measurements. In order to gain improved information on the corrosion 
current evolution over various exposure times,  The EIS-estimated currents had 
to be calibrated based on direct observations. A calibraion factor (Fc) had to be 
derived (equation 4.1) and applied to obtain the actual corrosion currents (Icorr). 
The derived calibration factors listed in table 4.1 were comparable to similar 
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values previously reported for the correction of underestimated corrosion 
currents based on EIS  performed on cases of localized corrosion [Sagüés et al 
1993]. 
                          
     
    
 
               
                  
                        (4.1) 
  
 
Figure 4.10 Apparent EIS-based mass loss values for various EIS measurements 
for the pre-cracked and control specimens versus time. Mass losses based on 
direct measurements of the total loss of steel wire diameter performed after 
autopsies are shown by hollow symbols. The dotted vertical lines mark three 
exposure regimes (left to right: DI water, continuous and cyclic chloride ponding) 
 
Table 4.1 The apparent EIS-based mass losses and actual measured values 
0.001
0.01
0.1
1
10
0 50 100 150 200 250 300
C
u
m
u
la
ti
v
e
 m
a
s
s
 l
o
s
s
 /
 g
 
Time / days 
R4-2.5
R12-2.5
R3-0.5
R6-0.5
Sp. No. / 
Crack width 
in mm 
Time / 
Days 
Total Mass Loss /g Fc= 
Icorr/Iapp 
Anode / 
Cathode 
area ratio 
Fc range 
From                
[Sagüés et al 
1993] 
Actual Apparent from EIS From To 
R4-1.70 274 1.95 0.65 3 0.04 1.7 3.5 
R12-2.69 246 2.07 0.73 2.84 0.03 1.74 3.64 
R3-0.71 274 0.47 0.25 1.88 0.01 2.35 5 
R6-0.45 274 0.37 0.14 2.64 0.01 2.35 5 
79 
 
In order to calibrate the corrosion currents, the EIS-estimated  
instantaneous currents were multiplyed by a generic calibration factor (Fc) of 3. 
The calibration factor was assumed to be constant with time and applicable to 
each individual exposure condition. The corrected values were averaged over 
each exposure period for each duplicate specimens and plotted on figure 4.11.  
 
 
 
Figure 4.11 Corrosion currents corrected using calibration factors (Fc) for various 
EIS-measured values averaged over each exposure period for duplicate pre-
cracked and control specimens. Values are not surface-area-normalized 
according to the observed influence zones. 
 
From figure 4.11, the evolution of corrosion over time may be appreciated 
during each exposure regime. The trends suggested seem to be synonymous to 
those abstracted from the OCP results and visual signs of rust. There is a clear 
indication of increased corrosion severity when exposed to chloride-containing 
environment in the case of 2.5 mm nominal crack widths. On the other hand, the 
corrosion severity significantly increased (by an order of magnitude) only during 
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the cyclic exposure of the chloride-containing environment in the case of 0.5 mm 
nominal crack width. In contrast, no measurable corrosion current was observed 
in the case of uncracked specimens. 
 
The corrosion rates in (µm/Y) were obtained by Faradaic conversion of total 
mass losses and using the observed corrosion influence zones. Figure 4.12 
show the corrosion rates averaged for each pair of duplicate specimens over the 
entire exposure period. The corrosion rates may be dominated by the high values 
during the aggravated intermittent exposure. As indicated earlier, such relatively 
high values may not be typical of those encountered in service. Those high 
values may represent an upper bound likely to be reached due to macrocell 
current effect, characteristic of RC structures having thin concrete cover and / or 
low quality concrete (see chapter 5). 
 
 
 
Figure 4.12 Corrosion rates calculated based on direct mass loss measurements, 
normalized to the observed influence zone surface area. Values represent 
average corrosion rates over the entire duration of the three exposure regimes 
for each specimen 
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4.2 Corrosion-induced Cracking Test 
4.2.1 Detection of Surface Cracking and Morphology of Rebar Corrosion 
Monitoring of galvanostatic current and driving voltage evolution with time 
served as an early indicator for appearance of corrosion-induced surface 
cracking.  Figure 4.13 shows an evident rapid increase in driving voltage 
immediately before onset of concrete surface cracking for a specimen having a 
ratio of nominal C/L=3. The voltage increase may be attributed to the possible 
increase in concrete resistance due to emerging micro-cracks at rebar-concrete 
interface regions but before reaching the external surface. A gradual voltage 
increase was observed as time progressed likely due to increased resistance 
around rebar resulting from the dry-out of concrete. That phenomenon may be 
attributed to the application of electric field and known as the electro-osmotic 
effect [Marshall et al. 2007]. The cases that took longer to crack were associated 
with relatively higher driving voltages at cracking, presumably due to the time-
dependent nature of the dry-out process. The galvanostatic current appeared to 
be fairly stable.  
As anticipated, the cases of less localized corrosion (lower ratios of nominal 
C/L) exhibited ~ 0.1 mm wide surface cracks before those with more localized 
corrosion (higher ratios of nominal C/L) as depicted in table 4.4. Figure 4.14 
illustrates corrosion-induced cracking orientations for the cases of uniform and 
localized corrosion. In the case of uniform corrosion (nominal C/L=0.2), the 
observed crack was a single longitudinal one parallel to the embedded rebar. On 
the other hand, cracking in the cases of nominal C/L=1, 2 and 3 was oriented in a 
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transverse direction to the embedded rebar around one half of the circumference 
of a cylinder and over the corroding spot. The half-circumferential cracks in the 
cases of nominal ratios of C/L=1 and 2 were bounded by short longitudinal 
cracks having lengths similar to those of the corroding steel spot. The commonly 
encountered concrete cover failure modes due to uniform corrosion of embedded 
rebars have the form of longitudinal cracking, delamination or spalling. Those 
cracking modes were reported in the literature to be dependent upon the ratio of 
C/Ø and the ratio of rebar spacing to rebar diameter [Zhou et al. 2005]. However, 
the observed transverse cracking mode corresponding to localized corrosion 
suggested that the ratio of C/L can be an additional significant contributor to 
defining the governing corrosion-induced failure mode in RC members. The 
determination of limiting criteria to define the type of governing cracking mode is 
beyond the scope of this dissertation. 
Upon cover cracking, the concrete cylinders were autopsied to retrieve the 
embedded rebars for examination. Figure 4.15 (a) shows an entirely corroded 
smooth bar along its length for the uniform corrosion cases that exhibited 
longitudinal concrete cover cracks (nominal C/L=0.2). Figure 4.15 (b) confirms 
that corrosion was limited to the central anodic regions for the localized corrosion 
cases that exhibited circumferential concrete cover cracking (nominal C/L=1, 2 
and 3). The areas affected by corrosion were initially defined based on 
observation of steel corrosion product distribution and subsequently confirmed 
upon removal of rust.  The cases having nominal C/L=1 and 2 exhibited partially 
corroded surface areas of anodic segments, whereas those having nominal 
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C/L=3 exhibited entirely corroded surfaces. Table 4.2 shows the percentage of 
anodic surface areas affected by corrosion for the cases of uniform and localized 
corrosion. The partially corroded regions, while limited to part of the steel 
perimeter, were approximately extending along the entire length of anodic 
segments. 
 
  
Figure 4.13 Accelerated corrosion under galvanostatic control indicating constant 
current and gradual increase in voltage immediately before cracking. (For a 
specimen having a C/L ratio of 3). 
           
        
 
               
 
 
 
Figure 4.14 Illustration of observed orientations of induced cracking. (a) 
longitudinal and (b) circumferential, both across cylinder half, as a result of 
uniform and localized corrosion morphology along embedded rebar, respectively.  
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The cases having nominal C/L= 4 and 5 did not exhibit any corrosion-
induced surface cracking even after two years of exposure to accelerated 
corrosion. Part of the reason for that is likely to be related to the anode size effect 
resulting in possible increase in chloride threshold as the anode size decreases 
[Angst et al. 2011b, Li et al. 2004 and Melchers et al. 2009]. The time-dependent 
transport of chloride ions towards rebar proceeds by migration under the applied 
electric field. Times to corrosion initiation would therefore vary depending on the 
level of respective chloride threshold to be exceeded. 
Generally, the smooth surface finish is expected to elevate the chloride 
corrosion threshold by about an order of magnitude compared to the nominal 
value of 0.4 % by weight of cement [Ghods et al. 2011]. Further, the actual level 
of chloride in concrete may be reduced as a result of admixing the chloride salt to 
concrete. It was reported in the literature that some of the admixed chloride 
become physically entrapped in C-S-H gel during cement hydration in addition to 
chemical binding expected in the case of penetrating chloride [Enevoldsen et al. 
1994]. The aforementioned factors can further prolong time to chloride-induced 
depassivation. The heterogeneous nature of concrete is likely to cause a non-
uniform chloride migration towards rebar which in turn would lead to activation of 
some anode regions before others. The latter may explain the partially corroded 
anode regions in the cases of nominal C/L=0.2, 1 and 2. Conversely, in the case 
of nominal C/L=3, the longer time expected for cracking may allow for chloride 
ions to reach the threshold level at the entire anode regions under the electric 
field.  The deformed as-received rebars were reported to require from 5 to 14 
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days for its passive layer to form and stabilize as opposed to smooth bars for 
which the protective layer forms more rapidly [Ghods et al. 2009]. The reduced 
ability of passive film to stabilize on deformed bars in the presence of admixed 
chloride may further support the choice of smooth bars for this investigation.  
 
 
 
(a) 
 
 
 
(b) 
 
Figure 4.15 Corrosion morphologies (a) uniform and (b) localized (C/L=1) along 
the embedded rebars extracted upon concrete surface cracking. (For specimens 
U3 and 103, respectively). 
 
In localized corrosion cases, there was a visual evidence of side-wise 
transport of steel corrosion product along rebar to cover the adjacent ends of the 
outer C22 segments. The extent of side-wise transport of rust on each side of the 
carbon steel anodic segment (figure 4.16 a) increased as the degree of corrosion 
localization increased. Figure 4.16 (b) shows that effect being also evident in the 
concrete interface surrounding the embedded bar in addition to rust filling the 
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steel-concrete interfacial zone (ITZ). Figure 4.17 shows the average lengths of 
lateral rust propagation for the localized corrosion cases. 
    
    
 
 
Figure 4.16 Lateral distribution of steel corrosion product toward the adjacent 
C22 alloy segments (passive regions) and rust filling of ITZ shown on (a) rebar 
and (b) concrete interface, respectively. (For specimen 101 with a ratio of C/L=1). 
 
Figure 4.16 (b) shows also some steel corrosion product diffused into the 
surrounding concrete. The diffused steel corrosion products into concrete 
surrounding were more evident in the case of uniform corrosion of smooth bar 
(figure 4.18 a) and deformed bar (figure 4.18 b). Chemical cleaning of steel 
segments (figure 4.19) revealed that some steel segments exhibited corrosion 
pits. The pit depths were about four times the average corrosion penetration 
which is typical of pitting behavior observed under natural exposure conditions 
[Gonzalez et al. 1995]. However, the calculated penetration depths referred to in 
the following sections were values obtained by averaging over the corroded 
region. Figure 4.20 shows the procedure used to determine the average mass of 
rust removed by cyclic chemical cleaning in accordance with ASTM G01 and to 
account for any loss of base metal during the cleaning process. 
(a) (b) 
C22 Carbon steel C22 Carbon steel 
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Figure 4.17 Extents of lateral rust propagation measured from each edge of a 
corroding segment along the rebar at four clock positions around rebar perimeter. 
 
 
 
 
 
 
Figure 4.18 Amounts of steel corrosion product transporting into induced 
longitudinal cracks in cases of uniformly corroding (a) smooth and (b) deformed 
(ribbed) steel rebars. (For specimens U4 and R3, respectively) 
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Figure 4.19 Carbon steel segment of the localized rebar corrosion case of C/L=1 
for specimen 103 before and after chemical removal of rust. The cleaned 
specimen revealed partially corroded surface area (for random clock positions) 
 
 
Figure 4.20 An example showing the procedure used to determine the mass of 
rust removed by cyclic chemical cleaning in Clarke’s solution as per ASTM G1-03        
 
4.2.2 Accelerated Corrosion Efficiency 
Figure 4.21 shows a correlation for the measured values of mass loss listed 
in table 4.2 with the Faradaic values calculated based on equation 3.3. The 
current efficiency, which provides a measure of how much of the impressed 
current is converted into mass loss, was calculated using equation 3.4 and 
plotted in figure 4.22 for the various cases. On the one hand, a reasonable 
agreement was observed between the gravimetric and Faradaic values of mass 
loss for the case of nominal C/L=0.2 for both the smooth and deformed bars. On 
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the other hand, the correlation in the case of localized corrosion (nominal C/L=1, 
2 and 3) suggested that the Faradaic calculations overestimated the actual 
values of mass loss. The reduced current efficiencies may be attributed to the 
oxygen evolution reaction on the steel surface before the chloride threshold level 
needed for depassivation is reached. The oxygen evolution can also be taking 
place alongside the iron dissolution reaction at highly positive rebar IR-free 
potentials which were found to be ranging from +600 to +900 mVSCE. Oxygen 
evolution (equation 4.2) serves as the electrochemical reaction responsible for 
the exchange of charge at rebar surface. The occurrence of that reaction may 
also be possible on the surface of the C22 segments as will be shown later. The 
decrease in anodic segments in test specimens is associated with an increase in 
the surface area of the C22 alloy segments. Therefore, the applied current tends 
to scatter to satisfy the demand by the adjacent C22 segments for O2 evolution. 
That unexpected scatter may become more pronounced as the applied anodic 
current, which was calculated based only on the carbon steel surface area, 
decreases (table 4.2). The aforementioned analysis may explain the decrease in 
current efficiency as the length of anodic carbon steel segment decreases 
(Figure 4.22). The need to exceed the increasing chloride threshold as anode 
size decreases was shown by Nossoni et al. to reduce the current efficiency at 
low chloride levels [Nossoni et al. 2012]. 
 
                               2H2O             4H
+ + 4e-+O2                                        (4.2) 
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Other general factors responsible for the discrepancy between the Faradaic-
estimated and gravimetric values of mass loss may include:  
(a) Inaccurate current integration throughout the test duration due to insufficient 
measuring points resulting in errors in quantifying the Faradaic charge.  
(b) Over or under-estimation of gravimetric mass loss due to over- or under-
cleaning, respectively. Over-cleaning may result from excessive removal of 
base metal due to prolonged exposure to chemical cleaning solution or lack of 
acid inhibitors. Heating during cleaning, or storage of volatile inhibitor-
containing solution for reuse, may result in the malfunctioning of inhibitors due 
to disintegration or evaporation, respectively [Fox et al. 1993]. Over-
estimation of mass loss can also be due to failure to adjust for removed base 
metal following the procedure indicated by red arrows in figures 4.20 and 
4.27. It can also be simply due to the chemical removal of pre-existing mill 
scale on rebar surface which is made up of oxides not caused by the 
corrosion process. Further, it was reported in the literature that the increase in 
the amount of alloying elements such as Cu, Cr, Mn and Si reduces the 
attack of base steel by the acid cleaning solution.  Conversely, the increase in 
the phosphorous content in steel was shown to accelerate the corrosion of 
base steel [Singh et al. 2003]. 
(c) Steel specimen subjected to impressed current may experience self-corrosion 
not caused by the externally applied current which results in values of 
gravimetric mass loss larger than the Faradaic-estimated ones [Alonso et al. 
1998]. 
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(d) The higher the chloride content and the lower the applied current; the higher 
the current efficiency is expected to be [Nossoni et al. 2012]. 
 
The calculated accelerated current efficiencies may have also decreased 
due to the likely dry-out of concrete caused by the flow of current [Torres-Acosta 
2010]. That effect may further substantiate the decreasing trend in current 
efficiency as the anodic segment decreases as those cases are subjected to 
current flow for longer durations before cracking.  
 
 
Figure 4.21 Amounts of steel mass loss determined by gravimetric 
measurements and Faradaic conversion of applied currents 
 
The possible uncommon ion valence from the dissolution of Fe to Fe3+ or 
the dissolution of alloying elements may be another source of erroneous 
Faradaic estimation of mass loss [Nossoni et al. 2012]. Figure 4.23 shows 
evidence of tarnish-like yellowish layer only observed in specimen 303. The 
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observation of only one affected segment of C22 alloy was found to be caused 
by an improper contact of the counter electrode (CE) facing the unaffected C22 
segment. The latter caused the current to flow only through one CE. The tarnish 
was evidently different in color from the dark brown steel rust directly on the 
carbon steel segments or extending to the ends of C22 segments.  
 
Figure 4.22 Decrease in corrosion current efficiency as anodic area decreases 
 
 
 
 
Figure 4.23 Entirely corroded surface of carbon steel segment covered by dark 
brown rust and slight tarnish-like yellow deposit over one of the C22 segments. 
(Indicated by arrows no. 1 and 2, respectively for a specimen having a ratio of 
C/L=3). 
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Table 4.2 Gravimetric mass loss data and observed corrosion distribution 
 
Sp. # 
Nominal 
(C/L) 
L / cm 
Applied 
Current 
/mA 
ΔmG / g 
% Area 
Corroded 
U1 
0.21 
20.32 
9 
3.5 100 
U2 20.32 1.5 88 
U3 20.32 3.5 100 
U4 20.32 2.89 98 
U5 20.32 3.74 91 
U7 20.32 3.35 97 
R1 20.32 3.73 100 
R2 20.32 3.44 100 
R3 20.32 3.21 100 
101 
1 
4.37 
1.951 
0.8 51 
102 4.37 1.32 64 
103 4.36 0.94 61 
201 
2 
2.16 
0.967 
0.66 92 
202 2.16 0.62 81 
203 2.17 0.64 58 
301 
3 
1.48 
0.656 
1.07 100 
302 1.46 1.57 100 
303 1.48 1.07 100 
401 
4 
(Uncracked) 
1.07 
0.478 
Unbroken 
402 1.06 0.45 100 
403 1.05 Unbroken 
501 
5 
(Uncracked) 
0.86 
0.384 
0.67 100 
502 0.86 Unbroken 
503 0.86 Unbroken 
 
The observed slight corrosion on C22 alloy may be attributed to surface 
acidification caused by O2 evolution (equation 4.2). That observation is believed 
to have contributed to the reduced current efficiency calculated for that case. 
Figure 4.24(a) shows an EDS analysis indicating the presence of Cu in a steel 
corrosion product sample extracted from the surface of carbon steel. Figure 
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4.24(b) shows also an EDS analysis result of a tarnish sample obtained from the 
C22 alloy surface indicating the presence of dissolved C22 alloy elements.  
 
 
 
 
 
 
Figure 4.24 Energy dispersive spectroscopy (EDS) analyses indicating the 
presence of (a) Cu in steel rust extracted from the CS surface and (b) dissolved 
C22 alloying elements in the light tarnish-like scale scraped off the C22. (From 
positions indicated on figure 4.23 by the arrows no. 1 and 2, respectively).  
(a) 
(b) 
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Figure 4.21 shows a better agreement between gravimetric and Faradaic 
values of mass loss obtained from the investigation by Torres-Acosta for cases 
with nominal C/L from ~ 0.2 to 2 [Torres-Acosta et al. 2004]. The reason for that 
may be attributed to the relatively high chloride ion concentration of 2% by weight 
of cement. The higher efficiencies reported in that work may also be related to 
the lesser dry-out effect of the rebar surrounding due to the shorter exposure 
durations to impressed currents before cracking (smaller C/Ø). On the other 
hand, low current efficiencies may have become masked by overestimated 
gravimetric mass loss values. The use of deformed rebar segments may have 
contributed to overestimation of mass loss due to removal of mill scale. The 
absence of alloying elements such as Cr, Si, Mo and Cu in the rebar material 
used may have caused the susceptibility for base metal attack during chemical 
cleaning to be relatively high [Torres-Acosta 1999 and Singh et al. 2003]. 
Similarly, the use of anodic segments obtained from steel pipes with unknown 
chemical compositions may have been behind excessive susceptibility to over-
cleaning leading to overestimated mass loss. 
Chloride analysis of concrete powder samples obtained from locations at 5 
mm close to rebar and 5 mm close to external surface of specimen U4 showed 
chloride levels of 2.8 % and 1.7% by weight of cement, respectively. The analysis 
was performed after de-energizing the specimen upon appearance of surface 
cracking. As expected, the results suggested that chloride concentration 
increased at rebar-concrete interface by migration until the critical corrosion 
threshold level was reached.  
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 Figure 4.25 shows the applied voltage response for a specimen having a 
single rebar completely composed of C22, subjected to a galvanostatic current 
density of 100 µA / cm2. It was shown that current flow through C22-concrete 
interface is possible within the range of applied voltage values observed at the 
localized corrosion cases (up to 20 volts). That observation provided additional 
confirmation for the argument of O2 evolution on the surface of C22 alloy 
segments discussed earlier. 
Despite the uncertainties associated with current efficiency, the values of 
critical penetrations (Xcrit) in this work were only calculated based on gravimetric 
values of mass loss. Therefore, deviation from Faraday’s law due to reasons 
discussed above will not be of concern. The discussion of those issues was 
undertaken to highlight some of the pitfalls and uncertainties associated with 
some of the common procedures used to determine critical penetration (Xcrit) 
 
 
Figure 4.25 Driving voltage response for a cylindrical concrete specimen axially 
reinforced with a central bar completely made of C22 alloy under galvanostatic 
control. (Based on a current density of 100 µA/cm2). 
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4.2.3 Uncertainties Associated with Gravimetric Evaluation of Rebar Mass Loss  
Chemical cleaning as per ASTM G01 is a process of removing the corrosion 
product (iron oxides) using an inhibited acid solution such as the Clarke’s 
solution in a cyclic fashion.  The inhibited acid cleaning (also known as acid 
pickling) is performed to remove metal oxide with minimum attack to base metal. 
Figure 4.26 shows a schematic for the main electrochemical reactions likely to be 
involved In the case of Clarke’s solution [Chen et al. 1982]. The kinetics of 
hydrogen evolution cathodic reaction (Line B) is poisoned by the action of the 
Sb2O3 inhibitor that prevents the recombination of hydrogen atoms. Therefore, 
the base metal attack (iron dissolution reaction) represented by line C on figure 
4.26 is reduced. The function of SnCl2 inhibitor is the reduction of the Fe
3+ to Fe2+ 
and the stannous ions become oxidized in the process. That effect minimizes the 
oxidation of base metal [Pearlstein et al. 1967 and Singh et al. 2003].  
 
It appears from the schematic in figure 4.26 that chemical attack to base 
metal can only be minimized and not completely prevented. The procedure 
outlined in ASTM G01-03 accounted for the base metal loss by plotting the 
accumulated removed mass versus the number of cleaning cycles and observing 
the change in slope. Figure 4.27 (a) shows the rust removal cyclic cleaning for a 
smooth rebar (free of mill scale) with a clear change in slope. The line with a 
large slope indicates the rust removal whereas the line with a small slope 
indicates the base metal attack. On the other hand, figure 4.27 (b) shows the 
cyclic cleaning for a deformed rebar (with mill scale) with unclear change in 
slope. The latter suggests continuing removal of mass and make the task of 
98 
 
accurate determination of actual mass loss a difficult one. That observation may 
be explained by the presence of mill scale on surface of as-received rebars 
which is made up of high temperature oxides (Fe2O3, Fe3O4 and FeO). The mill 
scale thickness was found in the literature to be in the order of 2 to 70 µm as 
depicted in the SEM images in figure 4.28 [Ghods et al. 2011 and Jaffer et al. 
2009]. The mill scale oxides are similar to those produced by aqueous corrosion 
which makes them equally susceptible to chemical attack during ASTM cleaning 
[Marcotte 2001]. Therefore, gravimetric evaluation can lead to overestimation of 
mass loss. The indicated typical thickness of mill scale is in the order of expected 
depths of critical penetration for the case of uniform corrosion. Therefore, the use 
of deformed rebar was disqualified in the present investigation. 
 
 
 
Figure 4.26 E-Log i representation showing effect of cathodic inhibitor on removal 
rate of metal and metal oxide during chemical cleaning of rust in Clarke’s solution 
[Chen et al. 1982] 
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Figure 4.27 Cyclic chemical cleaning process for rust removal showing: (a) clear 
change in slope for a smooth bar and (b) very slight change in slope for a 
deformed bar with mill scale. (Smooth: specimen U7, deformed: specimen R2) 
 
The values of mass loss in table 4.2 required for cracking resulting from 
uniform corrosion of deformed rebars are similar to those in the case of smooth 
bars. However, it is expected that the mass loss and the corresponding critical 
penetration be smaller for deformed bars due to the stress concentration effect. 
The observed larger-than-expected mass loss in the case of deformed rebar may 
be indicative of mill scale adverse effect in gravimetric measurements. In order to 
confirm that adverse effect smooth and deformed rebars were cleaned according 
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to ASTM G01-03 in their as-received conditions without exposure to corrosive 
conditions.  
 
         
 
Figure 4.28 SEM images showing a thick mill scale on deformed rebars. (a) 
[Ghods et al. 2011] and (b) [Jaffer et al. 2009]. By permission from Elsevier Ltd 
 
Table 4.3 shows gravimetric mass loss values for smooth and deformed 
bars after cleaning in their as-received conditions. The values of mass loss and 
radius loss in the case of deformed rebars were up to about an order of 
magnitude greater than those for the case of smooth bars. 
 
Table 4.3 Gravimetric and EIS results of as-received smooth and deformed bars 
 
Steel Bar 
Type 
Sp. 
# 
Gravimetric EIS 
Mass 
loss 
/g 
Radius 
loss       
/ µm 
Average 
CR 
/µm.y
-1
 
Rp            
/ Ω 
Instantaneous               
CR                   
/ µm.y
-1
 
Rs                
/ Ω 
Yo         
/S
n
Ω
-1
 
n         
Smooth 
U8
*
 0.03 0.42 7 16 151 0.4 0.014 0.79 
U9
+
 0.13 1.67 29 - - - - - 
Deformed 
R4
*
 0.37 4.04 71 0.49 5307 0.15 0.219 0.83 
R5
+
 0.47 5.17 91 - - - - - 
 
(*) Continuous and (+) Cyclic chemical cleaning for 30 minutes in Clarke’s 
solution per ASTM G-01. 
70 µm 
(a) (b) 
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The electrochemical impedance results for smooth and deformed bars are 
shown in table 4.3 and in figures 4.29 and 4.30. The EIS results suggest that the 
deformed bars with mill scale have a significant reactivity in the Clarke’s solution.  
 
  
Figure 4.29 EIS response for as-received smooth bar (specimen U8) immersed 
in Clarke’s solution. For a frequency range 0.017 to 10000 Hz at 4 points / 
decade with equivalent circuit fitting adjusted only over 0.1 to10000 Hz 
 
 
 
Figure 4.30 EIS response for as-received deformed bar (specimen R4) immersed 
in Clarke’s solution. For a frequency range 0.562 to 10000 Hz at 4 points / 
decade with equivalent circuit fitting for the entire spectrum. 
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The above discussion suggested that the as-received deformed rebars can 
be misleading when used in corrosion experiments involving gravimetric 
evaluation of mass loss. 
 
4.2.4 Evaluation of Critical Penetration (Xcrit) 
Table 4.4 lists the results of calculated critical penetrations (Xcrit) for the 
cases of uniform and localized corrosion. The cases of partially corroded surface 
area of anodic segment were treated in accordance with approaches 1 and 2. 
The respective values of critical penetration (Xcrit) from each approach were 
shown along with their equivalent geometric parameters. 
The values of Xcrit obtained from the present investigation were analyzed 
along with results from similar previous works. The existing empirical relationship 
by Torres-Acosta (equation 2.9) was used as a starting formulation due to its 
simplicity and ease of application. The existing relationship was updated using 
new data from cases overlapping with that previous investigation and cases 
extending to larger ratios of C/L. The exponent 2 of the second term (1+C/L)2 in 
the existing relationship was replaced by (n) to update its value by regression 
analysis of the new and existing experimental data. 
 
                                    (
 
 
) (
 
 
  )
 
                              (4.3)                         
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For the case of uniformly corroding bars (i.e. C/L 0), equation (4.3) reduces 
to equation (4.4).  
 
                                                  (
 
 
)                                  (4.4) 
 
As an additional evaluation, the results of Xcrit for the cases of full length 
rebar exposure were compared with data from literature compiled by Torres-
Acosta [Torres-Acosta et al. 2004]. As shown in table 4.2, even those cases of 
uniform corrosion did not exhibit corrosion over the entire rebar surface. The 
results for those cases of partially affected anode surface were interpreted 
according to approach 2 treatments. Figure 4.31 displays a graphic comparison 
indicating a close agreement of the Xcrit values both with the predictions of 
equation (4.4) and with the experimental data from literature. The data scatter 
observed is considered to be falling within typical experimental error expected to 
prevail in such tests.  
In order to determine the value of the exponent (n) to improve equation 
(4.3), the estimated values of Xcrit were normalized to the ratio of C/Ø and plotted 
versus the term representing the degree of localization (1+C/L). Figure 4.32 (a) 
shows the Xcrit values for both partially and entirely corroded surface of anode 
segments using approach (1) treatment wherever needed. Figure 4.32 (a) also 
shows similar data obtained by Torres-Acosta from cylindrical and prismatic 
specimens for comparison purposes [Torres-Acosta et al. 2004]. The model 
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predictions obtained from equations (2.9) and (2.10) for the cases examined 
were also plotted for comparison. Examination of the experimental data from 
Torres-Acosta suggested that the normalized critical penetrations Xcrit / (C/Ø) for 
the prismatic geometry were generally greater than those for the cylindrical 
geometry. Although that differentiation was not emphasized in that previous 
work, it merits consideration here. As discussed earlier, the estimated critical 
penetrations in that previous work may be associated with uncertainties due to 
issues related to mass loss determination procedure. Nevertheless, the reported 
results were used here in combination with the present ones due to lack of 
similar relevant data in the literature for localized corrosion cases. The present 
results generally tended to follow the overall trend exhibited by the cylindrical 
specimens of the previous work. The similarity in trends was confirmed by 
numerically analyzing the results. A fit of equation (4.3) to the present data 
yielded an exponent value n=1.23, whereas when fitted to those of Torres-Acosta 
for cylindrical geometry, it yielded a value of n=1.56. However, when applying the 
fit to the combined present and previous data obtained for cylindrical geometry, it 
yielded a value of n=1.26, which is approaching the value obtained from the 
present work. It may be argued that extending the data set over a range of 
greater C/L ratios such as those probed here tended to moderate the exponent 
(n) of dependency in equation (4.3). Likewise, when combining the present data 
with those of the previous work obtained for both cylindrical and prismatic 
geometries, the fit yielded a reduced exponent value n=1.38.  Application of 
similar analysis to the previous data by itself yielded values of n=2.02 and n=1.90 
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for only prismatic and for combined cylindrical with prismatic geometries, 
respectively. The exponent values obtained here for the cases reported by 
Torres-Acosta are consistent with the published rounded-off exponent in 
equation (2.9).  
 
Table 4.4 Critical penetration results including cases exhibiting partially corroded 
surface interpreted with approaches 1 and 2 
 
Sp. # 
Nominal 
(C/L) 
Xcrit /µm 
Leq 
/cm 
(C/Leq) 
Time 
To 
Crack 
/days 
Entirely 
Corroded 
Partially Corroded 
Approach 1 
Approach 2 
(Xcrit eq) 
U1 
0.21 
49 - - - - 16 
U2 - 24 21.4 17.78 0.25 9 
U3 50 - - - - 16 
U4 - 41.61 40.91 19.98 0.01 13 
U5 - 57.04 52.13 18.57 0.01 13 
U7 - 48.94 47.68 19.80 0.01 13 
R1 47 - - - - 15 
R2 41 - - - - 19 
R3 40 - - - - 15 
101 
1 
- 103 51.84 2.21 1.98 48 
102 - 133 85.48 2.81 1.55 65 
103 - 100 60.83 2.64 1.65 49 
201 
2 
- 95 87.19 1.99 2.2 166 
202 - 100 81.49 1.76 2.49 116 
203 - 145 84.19 1.26 3.47 117 
301 
3 
206 - - - - 380 
302 304 - - - - 443 
303 206 - - - - 485 
401 
4 
(Uncracked) 
Unbroken 
402 122 - - - - 654 
403 Unbroken 
501 
5 
(Uncracked) 
223 - - - - 668 
502 
 
           Unbroken    
503 
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The predictions corresponding to equation (2.9) by Torres-Acosta shown on 
figure 4.32(a) tended to overestimate critical penetrations for cases with C/L 
ratios greater than 2. On the other hand, the predictions of equation (2.10) 
plotted on figure 4.32(a) tended to underestimate the values of critical 
penetration corresponding to cases having C/L ratios greater than 2. 
 
 
 
Figure 4.31 Experimental Xcrit results for the case of uniform corrosion of smooth 
and deformed bars. The data were treated per approach 2 where necessary and 
compared with literature data compiled in [Torres-Acosta et al 2004]. The dashed 
line shows the empirical model prediction for uniform corrosion (equation 4.4) 
 
 
Figure 4.32 (b) similarly shows the estimated critical penetrations but with 
the cases of partially corroded surface treated according to approach 2. 
Proceeding similarly as for approach 1, a fit of equation (4.3) to the present 
results only yielded an exponent n=1.22. However, when fitting the present 
results (following approach 2 wherever necessary) in combination with those of 
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the previous work for cylindrical and prismatic geometries, the exponent was 
1.48. The results obtained from both approaches 1 and 2 are comparable and 
essentially leading to similar conclusions. Therefore, the comparisons of present 
data with existing model predictions and the comments made on approach 1 in 
figure 4.32 (a) fairly apply to approach 2 in figure 4.32 (b).  
Based on the exponent values obtained from fitting the combined new and 
existing data using the two approaches, an average generic exponent value 
n=1.4 was obtained. Therefore, the following modified relationship was proposed 
as an empirical tool for estimating the critical penetrations for cases affected by 
localized or uniform corrosion: 
 
                                     (
 
 
) (
 
 
  )
   
                           (4.5) 
 
The present results, extending to more localized corrosion cases than those 
probed earlier, agree with previous work in finding that more corrosion 
penetration is needed to induce cracking when the corrosion is localized. The 
new results suggest that the increase in Xcrit, while still significant, proceeds 
following a smaller exponent than that proposed earlier by Torres-Acosta at least 
for tests with cylindrical specimens. The analysis of results obtained using the 
approaches 1 and 2 parametric descriptions, for instances where only part of the 
segment perimeter was affected by corrosion, were not strongly differentiated at 
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least given the size of the data set and the extent of scatter. In general, the 
present findings support considering the use of equation (4.5) for application over 
an extended range of C/L values. 
 
 
 
 
 
Figure 4.32 Comparison of present experimental Xcrit results with predictions of 
proposed equation (4.5) and similar experimental and model prediction data from 
previous investigations for cases of uniform and localized corrosion. Using 
approaches (a) 1 and (b) 2, for cases of partially corroded surface area. The 
symbols indicated with arrows represent uncracked specimens. 
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5. MODELING 
 
5.1  Introduction 
In pursuit of the research objectives (b) and (c), two numerical models were 
developed using a commercially available finite element (FE) code, Comsol 
Multiphysics® [Comsol 2008]. The models were formulated to simulate the 
mechanical and electrochemical aspects of corrosion localization and associated 
induced cover cracking due to rust expansion. The models highlight the individual 
effect of each of those two aspects on the onset of corrosion-induced cracking. 
Numerical formulation was adopted over analytical methods mainly due to the 
ability of the former to handle the level of complexity introduced by the nature of 
localized corrosion. Part of that complexity is related to the stress-strain 
conditions associated with rust expansion in the case of localized corrosion. The 
mechanical corrosion-induced cracking model is intended to validate and 
calibrate (if necessary) the modified empirical relationship (equation 4.5) on a 
theoretical basis. On the other hand, the electrochemical model aims to highlight 
the possible negative effect of the expected corrosion rate increase on time to 
concrete cover cracking as corrosion becomes localized. The models simulated 
the uniform and localized corrosion cases for singly reinforced concrete cylinders 
having the same geometric parameters as those tested experimentally (figure 
5.1). Complicated configurations, representative of real structure conditions, may 
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be performed by similar procedures. The mechanical and electrochemical 
behaviors of the corroding segment of the embedded rebar were modeled as an 
axisymmetric problem around the z-axis as shown in figure 5.2. Those behaviors 
are deemed to be independent of the angle θ. Likewise, the geometric and 
material properties are also treated as being symmetric around the z-axis. 
Therefore, only the rectangular half cross-section shown in figure 5.2 was 
considered and modeled. The 2D-axisymmetric modeling about the z-axis is a 
way to simplify 3-D modeling problems [Bennitz et al. 2011]. 
 
 
 
 
Figure 5.1 Uniformly and locally corroding reinforcing steel in concrete cylinders 
 
 
 
 
 
 
 
 
 
Figure 5.2 2D-Axisymmetric modeling of steel corrosion and cover cracking  
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5.2  Mechanical FE Modeling of Corrosion Localization Effect on Critical 
Penetration (Xcrit) 
 
5.2.1 Modeling Approach and Basic Assumptions 
5.2.1.1 General 
The phenomenon of corrosion-induced concrete cover cracking is known to 
be caused by the progressive formation of expansive corrosion products around 
steel reinforcement. Those corrosion products (generally referred to as rust) are 
characteristic of higher values of relative volume (αV) ranging from 2.2 to 3.3 
compared to that of steel from which they formed [Jaffer et al. 2009]. The 
produced rust generally tends to occupy the new space left behind by the lost 
steel before diffusing radially into the surrounding region to fill the concrete pores 
[Allan et al.1989, Wong et al. 2010]. The porous layer immediately surrounding 
the rebar is referred to as Interfacial Transition Zone (ITZ). The ITZ is assumed 
here to have a thickness (do) ranging from 15 to 40 µm [Liu et al. 1998, El 
Maaddawy et al. 2007 and Lazari et al.2000].Generally, once those two available 
spaces have become filled with rust, the corrosion progression causes internal 
pressure (Pi) to build up resulting in radial (σr) and hoop (σθ) stresses in the 
surrounding concrete. The resulting radial displacement (u) due to those stresses 
continues to increase and the associated additional space created 
accommodates further rust product until the stress conditions satisfy the crack 
initiation and propagation failure criteria. The total radial displacement (ur) is 
marked by the appearance of a visible crack on the external concrete surface 
having a surface crack width of 0.1 mm [Torres-Acosta et al. 2004]. The 
generated cover cracks are assumed to provide further space to be filled with 
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rust either partially or completely before full cover cracking occurs [Lu et al. 2011 
and Hanjari 2010]. The process of rust formation and concrete cracking is 
illustrated in figure 5.3 (a). The effect of rust deformability and possible 
densification when under stress was shown previously to be minimal (less than 
10%) and therefore neglected here for simplicity [Chernin et al. 2011]. 
 
In order to gain insight on the governing underlying mechanism, 
complicating factors such as external mechanical loading were disregarded at 
this time. Therefore, the simplified case of a concrete cylinder axially reinforced 
with single smooth steel round rebar was modeled, in an attempt to reproduce 
the experimentally obtained results. The 2D-axisymmetric model treatment 
indicated above implies that the corroding rebar length was assumed to be 
uniformly corroding around its perimeter. The concrete surrounding the rebar was 
considered to be homogeneous and initially isotropic material. The concrete 
properties were also considered to be time-independent for simplicity. The values 
of compressive (f’c=38 MPa) and tensile (ft=4.438 MPa) strengths used in the 
model calculations were the actual measured  ones obtained from compressive 
and splitting tensile strength testing, respectively. The strength testing was 
conducted for non-reinforced concrete cylinders prepared in parallel to the test 
specimens. The concrete elastic modulus (E=32.39 GPa), shear modulus (G= 
13.1 GPa) and Poisson’s ratio ( =0.24) were adopted from a previous work as 
generic properties [Castorena et al. 2008]. 
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The corrosion-induced stresses and subsequent cracking were modeled as 
a thick-walled cylinder subjected to internal radial displacement [Bazant 1979, Liu 
et al. 1998, Chernin et al. 2011, Bhargava et al. 2006 and Pantazopoulou et al. 
2001]. Figure 5.3 (b) illustrates the concept of a thick-walled cylinder model. The 
term thick-walled cylinder typically corresponds to the general case of a pressure 
vessel with geometric parameters such that the ratio of internal radius to wall 
thickness is equal to or smaller than ten. The basis for that definition is related to 
a minimum difference of about 10% between the maximum and minimum hoop 
stresses across the wall thickness [Poworoznek 2008]. In the present model of 
thick-walled cylinder, the wall thickness represents the minimum concrete cover 
depth whereas the internal radius represents the sum of the rebar radius (r) and 
the thickness of ITZ (do). 
 
 
 
 
 
 
 
 
Figure 5.3 Corrosion product formation around reinforcement and cracking: (a) 
process parameters, (b) equivalent physical model. Modified from [Hanjari 2010] 
 
 
 
 
 
(a) (b) 
Crack 
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5.2.1.2 Crack Initiation and Propagation 
In both uniform and localized corrosion cases, concrete cover cracking is 
assumed to initiate at the steel-concrete interface at an arbitrary angle θ and to 
propagate radially until it reaches the external surface. The cracking process was 
therefore represented in the finite element model formulation by the concept of 
smeared cracking [Jendele et al. 2001 and Chen et al. 2008]. The crack width 
(CW) was assumed to have a uniform approximate value of 0.1 mm across the 
concrete cover thickness once it has reached the external concrete surface [Al 
Harthy et al. 2007].  
 
For uniform corrosion, an empirical cracking criterion was used to indicate 
full cover cracking (from rebar to external surface). The empirical criterion 
(equation 5.1) has previously been calibrated and suggested by Nossoni based 
on the simple Rankine failure criterion of maximum principal normal (tensile) 
stress [Nossoni 2010]. That empirical criterion requires that the average hoop 
tensile stress (    ) through concrete cover be equal to or greater than 0.72 times 
the concrete tensile strength (ft) for the cover to fully crack. The concrete material 
was treated as an isotropic material throughout the entire cracking process. 
 
                                                            
                                                  (5.1) 
 
The cover failure was represented by a single longitudinal parallel to the 
embedded rebar (figure 5.4) which is generally consistent with the experimental 
observation presented earlier.  
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Figure 5.4 Longitudinal cracking in the case of uniform corrosion 
 
On the other hand, no similar cracking failure criterion was found in the 
literature for detecting full cover cracking for the case of localized corrosion. 
Therefore, a new approximate approach was established to address both crack 
initiation and propagation stages using an existing theoretical cracking failure 
criterion. Cracking was assumed to initiate when the following tension-
compression (T-C) criterion was satisfied as illustrated in figure 5.5 [Hu et al. 
2003 and Luc 2010]: 
 
                                                                                                               (5.2)   
 
assuming that the tensile hoop (tangential) stress and the compressive radial 
stress represent the first and second principal stresses, respectively. Equation 
(5.2) is originally based on the Niwa model derived for the tension-compression 
domains of biaxial loading of uncracked concrete [Niwa 1980, Niwa et al. 1981 
and Maekawa et al 2003]. 
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Figure 5.5 Cracking failure envelope in Tension-Compression domain [Luc 2010] 
 
The cover cracking in the case of localized corrosion was represented by a 
circumferential crack transverse to the embedded rebar also consistent with the 
experimental observations indicated earlier. Figure 5.6 illustrates the crack 
modality for its ultimate, full cracking condition. 
 
 
 
 
 
 
 
Figure 5.6 Fully developed circumferential cracking for localized corrosion 
 
The following addresses the crack evolution from initiation until reaching the 
external surface. Concrete cracking does not exhibit an elastic-perfectly brittle 
Tension-Compression 
Circumferential Crack - CW =0.1mm 
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behavior. Therefore it may not accurately be modeled as a linear elastic fracture 
mechanics (LEFM) problem [Maekawa et al. 2003, Bazant 1979]. Therefore, a 
new approximate non-linear approach is introduced here as a simple tool 
capable of addressing the tension-softening behavior of concrete which reflects 
its residual strength after cracking [CEB-FIP 1990, Hillerborg et al. 1976 and 
Abdalla et al. 2004]. Previous analytical models of corrosion-induced cover 
cracking involved the partition of a hollow concrete cylinder into an inner cracked 
part and an outer un-cracked part. The inner cracked cylinder was treated such 
that the modulus of elasticity in the direction perpendicular to the crack is 
reduced. The partitioning method was an attempt to account for concrete tension 
softening behavior. Detailed description of the thick-walled double cylinder 
(TWDC) analytical method may be found elsewhere [Chernin et al. 2010].  
 
A similar approach to the TWDC approach was employed in the present 
model but introducing the use of multiple cylinders (figure 5.7) taking advantage 
of the capability of numerical methods. This multiple - partition approach 
facilitates the application of the principles of applied elasticity in modeling the 
crack initiation and propagation in a non-linear fashion as follows: 
(a) The free concrete cover thickness was evenly divided into a number of (m) 
partitions so that the modeling of an RC cylinder was represented by m 
concentric concrete cylinders. Each partition had a width (ΔW) equivalent to 
(1/m) of the cover thickness. The number of partitions was selected here to 
be five for simplicity and to minimize the model processing time (figure 5.7). 
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Figure 5.7 Illustration of multiple-partition thick-walled cylinder 
 
(b) Initially all partitions were treated as isotropic material. Incremental steps of 
prescribed radial displacement were applied along the corroded region of 
rebar until the cracking criterion is met at the outer radius of the first partition. 
The amount of radial displacement needed to fully crack the first partition (ur1) 
is thus obtained. 
(c) After the first partition has fully cracked, it is assumed that it completely loses 
its stiffness properties (E) in the direction perpendicular to the crack direction.  
The material properties of the cracked partition was therefore adjusted so that 
the modulus of elasticity was zero (E = 0) in the axial direction, if corrosion 
was localized and in the hoop direction, if corrosion was uniform along the 
rebar. As such, the cracked partition material is known as orthotropic material 
since the elastic modulus in the direction of crack propagation is maintained 
at its original value. 
ΔW 
ΔW 
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(d) Further displacement (ur2) was applied until the second partition fully cracks 
and so on until the concrete cover is entirely cracked. Each partition is treated 
after cracking as an orthotropic material [Pantazopoulou et al 2001]. 
(e) The total radial displacement (ur) is made up of the summation of all radial 
displacements needed to crack each partition as follows: 
 
   ∑(                   )                  (5.3) 
 
Generally, it should be noted that the empirical cracking failure criterion for 
the case of uniform corrosion was only used to compare cases of uniform 
corrosion with different ratios of concrete cover to rebar diameter. The empirical 
criterion was also used as a verification tool to test the applicability of the 
multiple-partition cylinder approach by comparing the results of a uniform 
corrosion case when analyzed by both approaches. The multiple-partition 
approach was then applied for all uniform and localized corrosion cases for 
consistency purposes. 
 
As indicated earlier, rust may be accommodated in the space provided by 
the ITZ porous zone and in spaces made available by the lost steel and the 
displaced region along the corroded rebar length. Rust may also be 
accommodated in the generated cracks. In the case of localized corrosion, it was 
further assumed that the slightly displaced regions along the adjacent passive 
areas form an additional rust-accommodating space. That displaced regions 
120 
 
along the passive zone extends to a distance (S) on each side of the corroding 
zone. As a result, the length of ITZ porous zone to be filled with rust along the 
rebar had to be extended to cover the total length of displaced concrete regions 
(figure 5.8). Regions where the amount of radial displacement is less than one 
micrometer were not considered displaced. 
 
 
Figure 5.8 Illustration of extent of displaced regions due to localized corrosion 
 
5.2.1.3 Equilibrium Equations and Constitutive Relationships 
The stress equilibrium on a three-dimensional element for the general case 
is shown in figure 5.9 in the cylindrical coordinates for a thick-walled cylinder 
subjected to internal pressure. The differential equations assuming rotational 
symmetry (∂/∂θ=0, τrθ = τθr = 0, τθZ = τZθ = 0) and given that τrZ = τZr are represented 
by [Sadd 2009]: 
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                                      (5.4b) 
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Figure 5.9 Stress equilibrium on a 3D-infinitesimal element within a thick-walled 
cylinder wall 
 
From Hooke’s law, the stress-strain relationships corresponding to axial 
symmetry (                    and        ) are given by the following 
set of equations: 
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The resulting displacement in the r-θ plane is shown in figure 5.10. The 
strain – displacement relationships considering the tangential displacement uθ=0 
may be given by the following [Bennitz et al. 2011]: 
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)                              (5.6d) 
 
where w is the axial displacement. The three sets of equations 5.4, 5.5 and 5.6 
may be combined by substitution. The resulting differential equations may be 
solved numerically for stresses, strains and displacements at all points within the 
concrete cover using the boundary conditions shown in figure 5.11. The pressure 
is equivalent to the amount of radial stress at the rebar to concrete interface. 
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Figure 5.10 Generated radial and hoop displacements [Bennitz et al. 2011] 
 
            
Figure 5.11 Boundary conditions. Schematic on left modified from [Sadd 2009] 
 
5.2.2 Model Implementation 
The Comsol Multiphysics® FE code was employed to solve the governing 
equations and implement the implied assumptions using a mesh size having at 
least 20,000 triangular elements. The model sensitivity to mesh size was tested 
to ensure reliable model outputs (appendix B, figure B.18). The radial 
displacement at the cylinder inner radius was treated as an input parameter in 
the model and the model yielded the stresses and strains at all points as well as 
the corresponding internal pressure. The following formulations were used to 
calculate the critical penetration (Xcrit): 
σθ 
σr 
Pi 
σr=-Pi 
σr=0 
σr=-Pi 
 
Corroded region 
σr =-P 
Z 
r 
σr =P=0 
σr =P=0 σr =P=0 
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(a) Uniform Corrosion 
For the unit length of a rebar, the following applies: 
 
                                     Vr – Vs =   [(r+Δr)2-r2]                                             (5.7) 
 
where Vr and Vs are volumes per unit length of rust and lost steel, respectively. 
Parameters r and Δr are shown in figure 5.3. Considering Δr≪r, assuming the 
ITZ porosity is very high, and rearranging gives: 
 
Vs (αv-1) = 2 rΔr 
 
2 rXcrit (αv-1) = 2 rΔr 
 
replacing Δr with (ur + do) from figure 5.3, the critical penetration Xcrit without 
considering the rust filling the induced crack is given by: 
 
                                               
     
(α   )
                                         (5.8) 
 
The critical penetration (Xcrit) in the case of rust completely filling the 
induced crack (longitudinal in the uniform corrosion case) is given by: 
 
                                                
     
(    )
 
      
(    )    
                          (5.9) 
 
where CW is crack width, C is concrete cover and L is the length of rebar affected 
by corrosion. 
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(b) Localized Corrosion 
The total volume of rust needed for cover cracking (VT) is given by: 
 
                                          VT= Vs+Vu+Vdo                                                                     (5.10) 
 
where Vs is the original volume of lost steel that turned into rust and estimated 
by:  
                                               Vs = 2   r Xcrit L                                                (5.11) 
 
Vu is the new volume created around rebar along the displaced region (L+2S) 
and given by: 
                                             Vu=Au 2  (r+do)                                                  (5.12) 
 
where the area Au is the radial displacement (ur) integrated along the axial 
direction over the displaced region (L+2S), at full cracking obtained from the FE 
model. And Vdo is the volume of interfacial transition zone (filled with rust) along 
the length of displaced regions and may be approximated by: 
 
                                            Vdo = do(L+2S) 2 r                                              (5.13) 
 
Since Vs=VT/αV, it follows then that: 
 
                                                  
      
(    )
                                        (5.14) 
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and by inserting equation 5.11 into 5.14, the critical penetration (Xcrit) without 
considering any rust filling the induced crack (circumferential in the localized 
corrosion case), is as follows:             
 
                                          
      
      (    )
                                 (5.15) 
 
If considering that the induced crack is completely filled with rust, the critical 
penetration (Xcrit), may be approximated by: 
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      (    )
   (      )
   (    )
 ]          (5.16)                          
 
5.2.3 Model Input Parameters and Cases Considered 
Tables 5.1, 5.2 and 5.3 list the input parameters for the modeled cases with 
values generally representative of those obtained experimentally. The input radial 
displacement increment employed was as small as 0.1 µm [Zhou et al. 2005].  
 
Table 5.1 General model parameters 
Parameter Value 
Tensile strength  [ft] / MPa 4.438 
Compressive strength [f'c] / MPa 38 
Elastic modulus [E] / GPa 32.39 
Shear modulus [G] / GPa 13.1 
Poisson’s ratio [ ] 0.24 
Thickness of interfacial transition 
zone [do] / µm 
15, 20, 40 
Relative volume of rust [αV] 2.2, 3, 3.5 
Surface crack width [Cw] / mm 0.1 
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Table 5.2 Parameters for the uniform corrosion cases 
Parameter Base Case Case 1 Case 2 
Concrete Cover [C] / mm 43.7 28, 56 43.7 
Rebar diameter [Ø] / mm 14 14 
21.85, 
10.92 
(C/Ø) 3.1 2, 4 2, 4 
Rebar length affected by 
corrosion [L] /mm 
203.3 
Total length of embedded 
rebar / mm 
203.3 
Partition width [ΔW] / mm 8.738  -  - 
Cracking failure criterion 
Empirical,                     
Tension-Compression 
Empirical 
 
 
Table 5.3 Parameters for the localized corrosion cases 
Parameter Value 
Concrete Cover [C] / mm 43.7 
Rebar diameter [Ø] / mm 14 
(C/Ø) 3.1 
Rebar length affected by corrosion [L] /mm 43.1, 21.6,14.7, 10.6, 8.6 
Total length of embedded rebar / mm 203.3 
(C/L) ~ 1, 2, 3, 4, 5 
Partition width [ΔW] / mm 8.738 
Cracking failure criterion Tension-Compression 
 
 
5.2.4 Model Results  
The results obtained from the FE code for the case of uniform and localized 
corrosion are given in appendix B (figures B.1 to B.15).  Table 5.4 shows a 
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comparison between the values of critical penetration (Xcrit) obtained by applying 
both the empirical and tension-compression cracking criteria, for the base case in 
table 5.2. The values of Xcrit were in a good agreement with each other based on 
the two criteria whether or not the induced crack was filled with rust. The 
commonly reported parameter values of αv=3 and do=20 µm were selected for 
comparison purposes [El Maaddawy et al. 2007, Chernin et al. 2011 and Jamali 
et al. 2013]. Likewise, the pressure needed for crack initiation using both 
cracking criteria showed also a reasonable agreement. The values of cracking 
pressure were found to be in a good agreement with the results of the cracking 
pressure model for uniformly corroding rebars, proposed by Munoz et al [Munoz 
et al. 2007]. The calculated pressure from Munoz’s cracking pressure model 
(equation 5.17) was found to be 17.81 Mpa. 
 
                                       
  
  
 (      
 
 
)
      
                                  (5.17) 
 
Table 5.4 Comparison of results for the case of uniform corrosion obtained from 
analysis by the empirical and Tension-Compression cracking failure criteria  
 
(For αv=3, do=20 µm, Ø=14 
mm and C=43.7 mm) 
Cracking Failure Criterion 
Empirical Tension-Compression 
Xcrit/µm 
0% rust in crack 12.75 15.15 
100% rust in crack 62.24 64.64 
Critical Pressure for Crack 
Initiation/Mpa 
19.47* 17.84 
         
 * Empirical cracking criterion implies entire cracking of concrete cover at the indicated pressure 
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Based on the above description, the theoretical tension-compression 
criterion may reasonably be employed as a valid cracking criterion for crack 
detection in the non linear FE analysis of uniform and localized corrosion cases. 
   
In order to examine the effect of the ratio of C/Ø on the value of Xcrit, the 
base case in table 5.2 was compared with cases 1 and 2. The ratio of C/Ø was 
varied either with the concrete cover held constant or with the rebar diameter 
held constant. The latter was intended to verify whether any of those two 
parameters has an individual effect different from that manifested by the ratio. 
The empirical cracking criterion was used in this analysis for speedy processing. 
Figure 5.12 confirmed the previously well-established increase in the amount of 
Xcrit with the increase in the ratio of C/Ø. The effect of the C/Ø ratio on the Xcrit 
was found to be nearly the same for a given C/Ø value regardless of the specific 
values of concrete cover and rebar diameter. The results of Xcrit, obtained from 
the FE analysis (for αv=3 and do=20 µm), with the induced cracks being half full 
of rust seem to be nearly coinciding with the values predicted by the empirical 
Xcrit model for uniform corrosion (equation 4.5). Figure 5.13 shows that the Xcrit 
results obtained by FEM corresponding to crack filling-conditions of 0% and 
100% form an envelope enclosing experimental results from the present and 
previous investigations. The uniform corrosion Xcrit data indicated on figure 5.13 
include data previously compiled by Torres-Acosta [Torres-Acosta et al. 2004]. 
The empirical Xcrit model prediction seems to be equivalent to about 50% rust-
filling condition which is in agreement with the experimental observation. 
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Figure 5.12 Effect of variability in cover and rebar diameter on Xcrit. The effect 
was examined for α=3 and do=20 µm. The lower and upper ends of error bars 
represent zero and 100% rust in crack, respectively 
 
 
Figure 5.13 Effect of cover to rebar diameter ratio on Xcrit. The FEM results 
shown are for constant rebar diameter (Ø=14 mm), α=3 and do= 20 µm 
 
The tension-compression cracking criterion was used for the analysis of the 
base case of uniform corrosion in table 5.2 and for the localized corrosion cases 
in table 5.3. The critical penetration values (Xcrit) were calculated using the 
parameters of rust relative volume and thickness of ITZ from table 5.1. Rust-
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filling conditions for cracks of zero and 100% were considered. Figures 5.14 to 
5.16 show that the amount of Xcrit increases as corrosion becomes more 
localized and that increase is more pronounced when considering the amount of 
rust filling the induced crack. That finding confirms the experimental observation. 
 
Figure 5.14 FE model results of Xcrit increasing with the degree of localization for 
Ø=14 mm, C=43.7 and αV=2.2. The effects of the size of interfacial transition 
zone (do) and the amount of rust filling the induced crack are shown.  
 
 
Figure 5.15 FE model results of Xcrit increasing with the degree of localization for 
Ø=14 mm, C=43.7 and αV=3. The effects of the size of interfacial transition zone 
(do) and the amount of rust filling the induced crack are shown. 
 
0
200
400
600
800
1000
1200
1400
0 1 2 3 4 5 0 1 2 3 4 5
X
c
ri
t/
µ
m
 
(C/L) 
do=15 um
do=20 um
do=40 um
0
200
400
600
800
0 1 2 3 4 5 0 1 2 3 4 5
X
c
ri
t/
µ
m
 
(C/L) 
do=15 um
do=20 um
do=40 um
0% rust in crack 100% rust in crack 
100% rust in crack 0% rust in crack 
0.2 0.2 
0.2 0.2 
132 
 
 
Figure 5.16 FE model results of Xcrit increasing with the degree of localization for 
Ø=14 mm, C=43.7 and αV=3.5. The effects of the size of interfacial transition 
zone (do) and the amount of rust filling the induced crack are shown. 
 
Figures 5.14 to 5.16 also highlight the effect of type of rust (αV) and the 
quality of interfacial transition zone (do) on the amount of Xcrit. As expected, the 
increase in the rust relative volume (αV) caused the amount of Xcrit to decrease 
whereas the increase in ITZ thickness (do) caused it to increase. The decrease in 
rust relative volume (type of rust) from 3.5 to 2.2 seemed to have increased the 
amount of Xcrit by up to about a factor of two. The influence of ITZ thickness 
tended to diminish when the induced cracks become either partially or completely 
filled with rust. The rust-filling condition of induced cracks appeared to be a 
significant factor influencing the amount of Xcrit. A crack full of rust can result in 
an increased value of Xcrit by up to four folds compared to a similar case having 
an empty crack. 
 
Figure 5.17 (a) illustrates the contribution of each partial radial 
displacements (ur1 to ur5) needed to crack each partition in the overall radial 
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displacement (ur) needed for full cover cracking. The radial displacements 
required for both crack initiation and propagation increase as the degree of 
localization increases, regardless of the rust-filling condition of the induced 
cracks. It can be observed from figure 5.17 (a) that the cases of uniform 
(C/L=0.2) and localized (C/L=1 to 4) exhibited full cover cracking once partition 4 
has cracked. On the other hand the case of localized corrosion (C/L=5) has not 
fully cracked until partition 5 has cracked. That observation implies that the 
length of stable crack, beyond which sudden unstable cracking occurs, increases 
also as corrosion becomes highly localized. Figure 5.17 (b) shows that the total 
radial displacement needed for full cover cracking increases linearly as the 
degree of localization increases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.17 Radial displacement required for concrete cracking of: (a) each 
cylinder partition wall thickness and, (b) entire cover thickness 
 
 The critical pressure for crack initiation was also observed to be linearly 
increasing as the degree of localization increased as depicted in figure 5.18. The 
pressure required for crack initiation in the case of highly localized corrosion of 
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C/L=5 tended to be about three times as high as that of uniform corrosion. 
Comparison with the critical cracking pressure values calculated based on 
Torres-Acosta’s cracking pressure model (equation 5.18) showed slightly higher 
values than the FEM-obtained ones for the case of uniform corrosion. Similar 
comparison trends between FEM and TWDC models of uniform corrosion were 
reported in the literature [Chernin et al. 2011]. The FEM-derived pressure values 
were increasingly less than those obtained by Torres-Acosta as corrosion 
became more localized. That difference may be attributed to the procedure by 
which the empirical equation (5.18) was derived.  The procedure involved 
collecting strain data from strain gauges attached to the external concrete 
surface upon onset of cracking. The concept of thick-walled cylinder was applied 
using those data to calculate the corresponding failure pressure for the geometry 
of test specimens. That analysis did not account for crack propagation which 
implies that cracking was assumed to have initiated at the same time as it 
appeared on the external surface. Therefore, the resulting overestimation tended 
to increase as corrosion became more localized likely due to the relatively longer 
crack propagation times required as was predicted from the trends in figure 5.17.  
 
                         
                 
  
     
 
 
(
 
 
  )
    
                       (5.18) 
 
Figure 5.19 shows the total radial displacements (ur) indicated in figure 5.17 
and the adjacent radial displacement along the passive regions on both sides of 
the corroding zone. The length of displaced region (S) along the passive zone 
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increased as corrosion became more localized. Since that length is likely to 
provide a space for rust accommodation, experimental evidence was needed for 
verification.  
 
 
Figure 5.18 Critical internal pressure required for initiation of cover cracking 
 
 
Figure 5.19 Radial displacement along rebar at full cover cracking and extent (s) 
of displaced regions along adjacent non-corroding zones expected to 
accommodate further rust for cases of localized corrosion 
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Figure 5.20 shows a comparison between the lengths of displaced region 
(S) obtained from the FEM analysis and the lateral rust propagation along rebar 
observed experimentally. The comparison exhibited a reasonable agreement 
with slight deviations likely to be due to possible presence of air voids or the non-
uniform distribution of corrosion around rebar perimeter. The former results in 
longer than expected extent of rust while the latter may be associated with non-
uniform radial expansion leading to shorter displaced regions. 
 
 
Figure 5.20 Lengths of displaced regions (s) compared to the observed extents 
of rust transported on each side of a corroding spot 
 
5.2.5 Validation of the Modified Empirical Relationship  
The FE analysis results were used to test the validity of the modified 
empirical relationship (equation 4.5) on a theoretical basis. The FE results of Xcrit 
in figure 5.15 obtained using parameter values of rust relative volume (αV=3) and 
thickness of ITZ (do=20 µm) were used for the verification process. Part of the 
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reason is that those parameter values are the commonly selected ones in the 
literature for modeling of uniform corrosion [Jamali et al. 2013].  As noted earlier, 
those parameter values provided reasonable predictions in the case of uniform 
corrosion with induced cracks being half full of rust. Therefore, the same 
parameter values were adopted for both uniform and localized corrosion since 
they are independent of corrosion morphology. 
 
Figure 5.21 and 5.22 compare the FEM results of Xcrit with the current and 
previous experimental results and predicted results obtained from the existing 
models for Xcrit due to localized corrosion. Figure 5.21 and 5.22 involve 
experimental data obtained from specimens having partially corroded perimeter 
treated according to approach (1) and (2), respectively. The FEM results were 
plotted on the graphs as floating bars covering the range of all possible rust-filling 
conditions of induced cracks (i.e. 0 to 100%).  For all tested C/L ratios, the FEM 
predicted Xcrit values tended to form envelopes enclosing all experimental data 
except some previous data correspondent to prismatic RC specimens [Torres-
Acosta et al. 2004]. The greater values of Xcrit associated with those prismatic 
specimens may be attributed to the prismatic geometry likely to require greater 
pressure to crack due to the greater effective depth of cover. That possible 
geometric effect however was not tested in the FEM analysis. It may also be 
related to the multiple-cracking failure mode reported for that geometry which 
provides additional space to accommodate further rust [Torres-Acosta 1999]. 
Another reason may be related to over-cleaning issues of as-received rebars 
discussed earlier. The lower bound of FEM results, corresponding to 0% rust in 
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crack, seemed to coincide with the model predictions by Darwin et al. for all 
ratios of C/L [Darwin et al. 2011]. On the other hand, the upper bound of FEM 
results, corresponding to 100% rust in crack, seemed to approach the model 
predictions by Torres-Acosta up to C/L ratio of 2. Nevertheless, the present 
experimental results tend to be located at about 50% rust-filling. The proposed 
modified relationship (equation 4.5) also seems to be positioned at about 50% 
rust-filling which reflects a reasonable agreement with experimental findings.  
 
 
Figure 5.21 Comparison of FE model findings (for α=3 and do=20 µm) with 
current and previous experimental results and existing model predictions with 
partially corroded cases treated as per approach 1. The bottom and top ends of 
the yellow floating bars represent zero and 100% rust in crack, respectively. The 
symbols shown with arrows indicate un-cracked specimens. 
 
Even though there was no reliable experimental means to quantify the 
actual amount of rust in cracks, it was observed that the induced cracks were 
partially filled with rust. Partial rust filling may be attributed to the tendency of a 
crack to suddenly propagate (unstable growth) up to failure when reaching a 
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critical length, thereby not permitting further rust filling. Another likely reason for 
not completely filling an induced crack is the possible exerted pressure by the 
rust filler on the crack faces leading to rapid cracking. It may therefore be 
concluded that equation 4.5 can be considered a useful tool to provide 
reasonably reliable information on the amount of critical penetration required for 
concrete cover cracking. 
 
 
Figure 5.22 Comparison of FE model findings (for α=3 and do=20 µm) with 
current and previous experimental results and existing model predictions with 
partially corroded cases treated as per approach 2. The bottom and top ends of 
the yellow floating bars represent zero and 100% rust in crack, respectively. The 
symbols shown with arrows indicate un-cracked specimens.  
 
 
5.3  Electrochemical FE Modeling of Corrosion Localization Effect on Corrosion  
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applied). The simulation aims to explore the possible variation in corrosion rate 
(CR) as a function of the degree of corrosion localization (corroding to passive 
area ratio). Corrosion rate is expected to be affected by various factors such as 
level of oxygen and moisture [Hussain et al. 2012 and Busba et al. 2013b]. It was 
therefore decided to consider two scenarios thought to approximately define the 
upper and lower bounds of possible steel corrosion rates in concrete under the 
modeled conditions [Subramaniam et al. 2010]. The upper bound is a situation in 
which the total corrosion current is entirely induced by the action of macrocell 
current flowing between a pure anode (active region) and a pure cathode 
(passive regions). The lower bound however is where the total corrosion current 
is completely due to the action of microcell current effect taking place on the 
anode region only with no macrocell current effect from passive regions. The 
100% macrocell current scenario represents a case where oxygen access is 
possible to the adjacent passive regions through concrete cover to fuel the 
cathodic reaction. On the other hand, the 0% macrocell current scenario 
represents a case where oxygen access is only possible to the anode region 
such as through a narrow crack in high quality concrete [Raupach 1996, Schiessl 
et al. 1997 and COIN 2008]. Further, it is known that corrosion rate does not 
remain constant over time but gradually decreases over time. That decrease has 
been attributed to corrosion product build-up on the anode region which limits the 
anodic reaction kinetics [Otieno et al. 2011, Vu et al. 2000, Liu et al. 1998, Glass 
2000 and Tuutti 1982]. In order to account for corrosion rate evolution with time, 
the results from the FE analysis outputs were used to calculate both time-
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invariant and time variant corrosion rates. Variation of corrosion rate with time is 
not well understood due to seasonal variations and uncertainties of 
measurements. Therefore, the currently available simple predictive model 
suggested by Vu and Steward [Vu et al. 2000] was used here for completeness 
only. That CR predictive model is intended for the case of uniform corrosion and 
was derived for 75% relative humidity and 20oC temperature conditions. In the 
case of localized corrosion however the corrosion product build-up is expected to 
accumulate faster on the anode resulting in earlier reduction in corrosion rate. 
The latter may be considered another mitigating factor (similar to that of Xcrit) 
associated with corrosion localization. Nevertheless experimental evidence is yet 
to be established to confirm that behavior. In the absence of such an evidence 
the currently available predictive model for uniform corrosion were applied to all 
cases considered here. The time-variant CR model is expressed in equation 5.19 
in terms of corrosion current density [Vu et al. 2000]. 
 
                                      (      )
                               (5.19) 
 
where        is the corrosion current density in µA/cm
2 at time (t ≥1) in years and 
        is the initial corrosion current density in µA/cm
2 averaged over the first 
year. The initial current densities for the cases considered here were calculated 
according to the procedure described next and assumed to be constant over the 
first year period after corrosion initiation. 
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5.3.2 Procedure 
The system considered for simulation is shown in figures 5.1 with 
dimensions given in table 5.3. In the case of 100% macrocell current scenario of 
localized corrosion, the central anode region is considered to support only anodic 
reaction which is iron dissolution. The rest of rebar is treated as supporting only 
cathodic reaction which is oxygen reduction.  
 
 Anodic reaction:                     Fe           Fe2+ + 2e                                          (5.20) 
 
Cathodic reaction:               O2+2H2O+4e           OH
-                                     (5.21) 
 
In the case of uniform corrosion and 0% macrocell current scenario of 
localized corrosion, anodic and cathodic reactions were assumed to be taking 
place on the same corroding region of rebar. 
The anodic reaction was assumed to be operating under activation 
polarization control whereas the cathodic reaction being under mixed activation-
concentration polarization control. Both anodic and cathodic reactions were 
assumed to follow the Butler-Volmer kinetics. Both reactions were considered to 
be sufficiently removed from their equilibrium potentials to neglect the reverse 
reactions of those in equations 5.20 and 5.21. The anodic and cathodic current 
densities on rebar surface (ia and ic, respectively) were determined by the 
following current-potential relationships: 
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where Cs and Es are oxygen concentration and steel potential on the rebar 
surface, respectively. The other calculating parameters and their values are 
given in table 5.5. Those parameters were selected to reflect generic concrete 
electrochemical properties with no significant impact anticipated of their variability 
on the general trends. The oxygen surface concentration was considered 
constant on the external concrete surface. Concrete is treated as a medium of 
uniform resistivity and oxygen is considered transporting through concrete only 
by diffusion with a uniform effective diffusion coefficient (D) following Fick’s first 
law (equation 5.24). The oxygen diffusion was assumed to be radial only with no 
oxygen transport is allowed through cylinder ends.  
 
                                                          J=-D C                                                 (5.24) 
 
where J is oxygen flux. The oxygen flux on rebar surface according to Faraday’s 
law is equivalent to (ic/nF) where n=4 from equation 5.21 and F is Faraday’s 
constant.  
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In view of the above assumptions it follows that the electrical potential with 
respect to steel rebar and the oxygen concentration in the bulk concrete should 
comply with Laplace’s equation to satisfy conservation of charge and mass at 
steady state condition [Sagüés et al. 1992]: 
 
                                                     2E=0                                                 (5.25) 
 
                                                        2C=0                                                 (5.26) 
 
Solving the partial differential equations 5.25 and 5.26 in cylindrical 
coordinates may be achieved using FE analysis considering the axisymmetry 
described in figure 5.2. The boundary conditions were obtained by 
simultaneously solving equations 5.22, 5.23 and 5.24 for anodic and cathodic 
current as well as oxygen concentration, respectively on rebar surface. The 
solution yielded the electrical potential E and oxygen concentration C at all 
positions in concrete. The electrical potentials of steel with respect to concrete 
are the negative of the calculated potentials at concrete points in contact with the 
rebar. The corresponding values of electrical current density and oxygen flux on 
rebar surface were obtained by taking the normal derivative of E and C on the 
rebar surface. The total corrosion current was computed by integrating the iron 
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dissolution current density over the anode area or alternatively by integrating the 
equivalent cathodic current density over the rebar cathodic regions. 
 
Table 5.5 Calculation electrochemical parameters 
 
 
 
 
 
 
 
 
 
 
5.3.3 Results 
The electrochemical FE simulation results of electrical potentials and 
resulting current across concrete cover are given in appendix B (figures B.16 and 
B.17). The figures shown in appendix B are only intended to illustrate the general 
trends. The FE analysis results of the 0 % macrocell current scenario for cases of 
localized corrosion exhibited similar general trends to those of uniform corrosion 
shown in appendix B but with electrochemical reactions only limited to the 
corroded central regions.   
Model Parameters                                                  
[ Sagüés et al. 2013, Kranc et al.1992 & 1993] 
Values 
Unpolarized cathode potential, Eoc (V, SCE) 0 
Cathodic exchange current density, ioc (A/m
2) 2 x 10-4 
Cathodic Tafel slope, bc (V)     0.16 
Unpolarized anodic potential, Eoa (V, SCE) -0.78 
Anodic exchange current density, ioa (A/m
2)   3 x 10
-4 
Anodic Tafel slope, ba (V)     0.06 
Concrete Resistivity , c (Ohm.m)     100 
Oxygen concentration at external concrete 
surface, Co (mol/m3) 
0.25 
Effective oxygen diffusion coefficient, D (m2/s)   1 x 10
-9 
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Figure 5.23 shows the electrical potential distribution along the test cylinder 
length for the localized corrosion (C/L=1) when affected by 100% macrocell 
current and for the uniform corrosion. The potential values represent readings 
taken both on the concrete external surface and directly over the rebar. The case 
of uniform corrosion did not exhibit any difference between the surface-measured 
and on-rebar measured potentials. That effect is presumably due to the absence 
of macrocell action, which would otherwise cause voltage (IR) drop due to 
current flowing through concrete resistance [Kranc et al. 1992]. Conversely, the 
case of localized corrosion exhibited an IR drop resulting in a difference between 
the potential values calculated on concrete surface and those calculated on rebar 
[Gulikers 2006]. The potential on the concrete surface at the center of anode was 
less negative than the true potential on the rebar for all C/L ratios. However, the 
potentials on the concrete surface over the passive regions were more negative 
than the true values on the rebar. The IR drop over the passive regions for all C/L 
ratios tended to be in the order of 10 mV. On the other hand, the IR drop over the 
anode region increased as the ratio of C/L increased. The negative and positive 
changes in potential due to IR drop component may be explained by the direction 
of macrocell current flowing onto or discharging from the affected region. The 
values of IR drop at the center of anodic spots were 25, 40, 50, 62 and 70 mV for 
the ratios of C/L=1, 2, 3, 4 and 5, respectively. The increased sensitivity of the 
potential reading over the anode as anode size decreased may possibly be due 
to the associated increase in macrocell currents (table 5.6).  On the other hand, 
the potential values for the localized corrosion cases when treated according to 
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the 0% macrocell current scenario showed no IR-drop between surface and 
rebar readings. The potential value for a ratio of C/L=1 was -689 mV (SCE) and 
became slightly more positive as the ratio of C/L increased. 
 
 
Figure 5.23 Distribution of steel potential along cylinder length directly on rebar 
and on concrete surface for the case of uniform corrosion and C/L=1. (100% 
macrocell current scenario) 
 
Figure 5.24 shows the distribution of potential along cylinder close to rebar 
(IR-free values) for the uniform and localized corrosion cases considering the 
scenario of 100% macrocell current effect. The potentials on concrete surface 
over the anodes were comparable to the experimental values observed by the 
author on cracked RC pipes exposed to cyclic exposure to chloride solution 
[Busba et al. 2013b]. The potential values are also comparable to those obtained 
from a previous similar model for a corroding anodic spot in a nuclear 
containment steel liner [Sagüés et al. 2013].  Table 5.6 lists the total corrosion 
current for all modeled cases when treated according to both scenarios of 100% 
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macrocell current and 0% macrocell current. Those corrosion currents were 
comparable to values of previous experimental and modeling work [Kranc et al. 
1992, COIN 2008, Raupach 1996, Redaelli et al. 2006, and Broomfield 2003].  
 
 
Figure 5.24 Distribution of steel potential along cylinder length directly on rebar 
for the case of uniform corrosion and C/L=1, 2, 3, 4 and 5. (100% macrocell 
current scenario) 
 
 
The corrosion currents and potential values for the 100% macrocell current 
scenario in table 5.6 and figure 5.24, respectively were illustrated in figure 5.25 in 
terms of E-log I diagram (Evans diagram). The plotted potential values were 
those taken on the center of anode and at the edge of cathode corresponding to 
distances of 101.65 and 0 mm on the x-axis, respectively on figure 5.24. An 
approximate schematic representation of the cathodic and anodic reactions was 
shown to illustrate the effect of surface area of electrode on reaction kinetics 
[Jones 1996].  
 
-750
-700
-650
-600
-550
-500
0 20 40 60 80 100 120 140 160 180 200 220
S
te
e
l 
P
o
te
n
ti
a
l 
/ 
m
V
 (
S
C
E
) 
Length along cylinder/mm 
Uniform
C/L=1
C/L=2
C/L=3
C/L=4
C/L=5
149 
 
Table 5.6 Summary of calculated corrosion currents for the 0 and 100% 
macrocell current scenarios 
 
Type of 
Corrosion 
(C/L) 
Corroding 
to Passive 
Area Ratio 
Corrosion Current (Icorr)     
/ µA 
100% 
Macrocell 
Current 
0% 
Macrocell 
Current 
Uniform  0.2 1 - 62.18 
Localized 
1 0.27 53.22 18.59 
2 0.12 58.24 11.82 
3 0.08 58.35 9.28 
4 0.06 59.05 7.89 
5 0.04 59.39 7.17 
 
 
It may be inferred from figure 5.25 that increasing the corroding to passive 
area ratio tended to cause the role of concentration polarization to increase. An 
independent analytical verification confirmed that the corrosion current density for 
the case of uniform corrosion is approaching the diffusional limitation condition 
with a value of ~ 7 µm/Y. The corresponding corrosion current densities based 
on the FE model predictions for the two scenarios are plotted in figure 5.26 
versus the ratios of corroding to passive area. The trends of the FE model 
predictions in figure 5.26 seem to be in a good agreement with the findings of a 
recent state-of-the-art report [COIN 2008]. That study generally concluded that 
macrocell current effect (if present) can cause corrosion rate increases by 10% in 
dry concrete and by more than 90% in wet concrete. Figure 5.26 shows 
experimental values of corrosion current densities to test the validity of the FE 
model. Data previously obtained by the author [Busba et al. 2013b] from cracked 
RC pipe specimens showed a reasonable agreement with the scenario assuming 
macrocell current being present. The corrosion rates from that RC pipe study 
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were derived from accelerated cyclic exposure to chloride environment. 
Therefore the resulting corrosion rates may be more severe than those expected 
in service. Schissel et al studied the macrocell corrosion behavior of steel in 
cracked concrete under simulated service conditions of 80% relative humidity for 
comparable concrete cover depth [Schissel et al. 1997]. The findings of that 
study are shown in figure 5.26 to be ranging between the two model scenarios. 
Therefore, it may reasonably be assumed that actual variations in macrocell 
current can cause it to fall anywhere between the two considered scenarios.  
Those variations are expected to occur due to environmental conditions, 
concrete cover and concrete quality.  
 
 
Figure 5.25 Schematic representation of the effect of corroding to passive area 
ratio on corrosion currents and potentials (on rebar surface) for the modeled 
cases using the 100% macrocell current scenario. The triangular and circular 
symbols indicate potentials at center of anodes and at edge of cathodes plotted 
versus the corresponding corrosion currents, respectively. 
Ohmic 
Control 
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Figure 5.26 Model predictions showing corrosion current density increase with 
decrease in the corroding to passive surface area ratio for 0 and 100% macrocell 
current scenarios.  
 
5.4  Overall Effect of the Influence of Corrosion Localization on Time to  Concrete 
Cover Cracking 
 
The corrosion rates (CR) in terms of corrosion penetration depth per year 
were calculated for the two 0% and 100% macrocell current scenarios using 
Faraday’s law. Figure 5.27 shows the increase in CR for the two scenarios and 
the increase in Xcrit per the proposed equation (equation 4.5) versus the degree 
of corrosion localization. The time to first corrosion-induced cracking (Tcr) was 
calculated by dividing the critical penetration (Xcrit) by the corrosion rate (from the 
two scenarios) assuming that the corrosion rate is not varying with time. Figure 
5.28 shows the results of time to cracking from both scenarios for various 
degrees of corrosion localization. The envelope between the two dashed lines 
represents the range of times to cracking expected corresponding to the range of 
0 to 100% macrocell currents at various ratios of C/L.  
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Figure 5.27 Critical penetrations (Xcrit) per the proposed equation and the time-
invariant corrosion rates (0 and 100% macrocell effects) as a function of 
corrosion localization 
 
 
 
 
Figure 5.28 Predicted time to cracking as a function of corrosion localization due 
to time-invariant corrosion rates calculated for 0 and 100% macrocell effects 
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The time-variant corrosion rates were estimated based on equation 5.19 for 
the two considered macrocell current scenarios for various degrees of corrosion 
localization. Figure 5.29 shows the results of time-variant CR corresponding to 
(a) 0% and (b) 100% macrocell effects. The predicted times to first cracking for 
various ratios of C/L based on time-variant corrosion rates were calculated using 
equations 5.27 and 5.28.  
 
                                      ∑   ( )   
   
                                      (5.27) 
 
                                           (   )                                 (5.28) 
 
where CR(t) is the instantaneous corrosion rate from figure 5.29, Δt is a constant 
time interval in years and n is the number of time intervals up to the onset of 
cracking. 
 
The results are shown in figure 5.30. The average time to first cracking may 
be increased in highly localized corrosion cases by up to twice the time needed 
for the cover cracking of a uniformly corroding reinforcement.  
 
As indicated earlier, equation 5.19 had been developed for the case of 
uniform corrosion and was used for localized corrosion cases in the absence of a 
relevant predictive time-variant CR model in the literature for localized corrosion. 
There is also an increasing trend of using high quality concrete and increased 
concrete cover thickness in construction industry [Subramaniam et al. 2010]. 
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Therefore, the macrocell current effect would be expected to be significantly 
reduced. Considering the latter along with the expected much faster reduced CR 
with time for localized corrosion cases, the corrosion localization may be 
regarded as a desirable mitigating factor for extending time to cracking. 
 
 
 
 
Figure 5.29 Time-variant corrosion rates calculated based on equation 5.19 for 
(a) 0% macrocell effect and (b) 100% macrocell effect 
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Figure 5.30 Predicted time to cracking as a function of corrosion localization due 
to time-variant corrosion rates calculated for 0 and 100% macrocell effects 
 
The previous analysis thus far considered that the only reaction taking place 
on the corroding segment is the anodic reaction for the case of 100% macrocell 
effect. In the following, examination of the possible case where the corroding 
zone supports both anodic and cathodic reactions was undertaken to verify the 
validity of the findings obtained earlier. The latter case imply that both macrocell 
and microcell current effects are present. The problem was also solved 
numerically using the same electrochemical parameters in table 5.5 for the 
cathodic and anodic reactions. Figure 5.31 shows a comparison of times to 
cracking for the case where the corroding zone supports only the anodic reaction 
with those for the case where the corroding zone supports both cathodic and 
anodic reactions under time-invariant corrosion rate conditions. The comparison 
indicated that both cases exhibited the general decreasing trend of time to 
cracking as corrosion becomes more localized in the presence of macrocell 
effect. The results in the case where the corroding zone supported both anodic 
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and cathodic reactions yielded slightly less values of time to cracking by not more 
than ~ 14% (for C/L=1) compared to the case where there is only anodic reaction 
on the corroding zone. Therefore, the general trends obtained for the effect of 
corrosion localization on time to cracking remain essentially the same. 
 
Figure 5.31 Comparison of times to cracking when considering both anodic and 
cathodic reactions on the corroding zone (cathodic reaction on entire rebar) with 
the case where there is only anodic reaction on the corroding zone (cathodic 
reaction only on passive regions). (Under time-invariant corrosion rate 
conditions) 
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6. CONCLUSIONS 
 
The following conclusions were drawn based on the experimental and 
model findings. 
(a) Electrochemical and direct examinations suggested that corrosion tends to be 
localized at the locations of rebar intersection with preexisting narrow (~ 0.5 
mm) and wide (~ 2.5 mm) cover cracks in RC pipes exposed to a chloride-
containing environment. Corrosion was observed to be more localized at the 
narrower crack intersections. Corrosion was shown to be uniformly distributed 
around rebar perimeter along the affected zone. The observed depths of 
corrosion penetration (radius loss) were found to be largest at the intersection 
and gradually decreasing further away on each side of the intersection. 
(b) Rebar corrosion penetrations (Xcrit) needed to cause a 0.1 mm-wide crack to 
appear on external concrete surface increased as corrosion became more 
localized. For the considered geometry, the amount of Xcrit in the case of 
uniformly corroding rebar (C/L=0.2) was in the order of 30-50 µm and 
increased by up to ten folds (300 µm) for a locally corroding rebar (C/L=3). 
(c) Concrete cover cracking was oriented parallel to the embedded rebar when 
corrosion was uniform. On the other hand, Cover cracking tended to be 
circumferentially oriented around reinforced cylinders in the case of localized 
corrosion. The latter case of transverse cracking with respect to rebar may be 
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expected to be manifested in practice by delamination. The observed crack 
orientations in both cases were theoretically substantiated by mechanical FE 
modeling. 
(d) In corrosion-induced cracking experiments, uncertainties associated with 
gravimetric and Faradaic evaluations of mass loss can lead to incorrect 
estimations of critical penetrations. The use of deformed rebars in as-received 
surface condition tended to increase susceptibility to over cleaning due to the 
presence of mill-scale. Further, in accelerated corrosion experiments, 
Faradaic-based amounts of mass loss tended to be overestimated due to the 
reduced current efficiencies caused mainly by oxygen evolution reaction. 
(e) An improved relationship was proposed for predicting Xcrit as a function of 
geometric parameters and the degree of corrosion localization. The 
relationship was theoretically verified by an independent mechanical FE 
modeling of the underlying phenomena responsible for corrosion cracking. 
(f) The mechanical FE model formulation permitted the simulation of both crack 
initiation and propagation and therefore was capable of accounting for the 
tension-softening behavior of concrete after cracking.  
(g) The mechanical FE modeling suggested that the critical penetration is mainly 
controlled by the degree of corrosion localization and the capacity of 
generated cracks to accommodate the produced rust. The properties of 
concrete-rebar interface (ITZ) and type of oxides (rust) generated were also 
found to have a significant effect on Xcrit. The amount of Xcrit was found to be 
proportional to the ITZ thickness and inversely proportional to the relative 
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volume of the produced corrosion products. It was inferred that corrosion-
induced cracks were only possible to become partially filled with rust. It was 
theorized that rust filling progresses as long as a crack continue to grow in a 
stable fashion up to a critical length. Beyond that critical length, unstable 
crack growth results in sudden full cover cracking without allowing further rust 
filling. The FE analysis has shown that the Increase in corrosion localization is 
associated with increase in radial displacement along the corrosion-affected 
zone with adjacent concrete regions slightly displaced. The latter is thought to 
provide an additional space to accommodate the produced rust. 
(h) The mechanical FE model yielded values of critical pressure for initiation of 
cover cracking less than those predicted by some existing models that 
inaccurately assume linear elastic behavior of concrete cover. The FEM-
derived critical pressure values, for the situations considered, ranged from 18 
MPa for the case of uniform corrosion to ~ 45 MPa for the case of highly 
localized corrosion (C/L=5). 
(i) Electrochemical FE modeling suggested that corrosion localization effect on 
aggravation of corrosion rate decreases as the macrocell effect decreases. 
(j) The propagation periods were estimated based on existing time-variant 
corrosion rate prediction models and on the proposed Xcrit relationship for 
various degrees of corrosion localization. The results indicated that corrosion 
localization may reasonably be considered a desirable mitigating factor for 
extending the propagation stage in cases where macrocell effect is not 
significant such as in high quality concrete with large depth of concrete cover. 
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The following may constitute the basis for further research suggested to 
resolve some of the related outstanding issues. 
 
Experimental / numerical investigations of more sophisticated cases such as 
beams reinforced with multiple rebars with and without stirrups to examine:    
 The effect of rebar spacing and the presence of localized corrosion spots on 
parallel rebars or along the same rebar with various spacing apart  on 
defining cracking failure mode (delamination, cracking or spalling) and on Xcrit. 
 The possible mitigating effect of using non-metallic (e.g. CFRP) stirrups or 
concrete containing non-metallic fibers on confining the corrosion-induced 
stresses and hence increasing critical penetration of main rebars. 
 The possible role of pre-existing narrow cracks with various crack widths in 
providing space for rust accommodation and for stress relaxation. 
 The effect of partially corroded surface around rebar perimeter on Xcrit. 
 The extent to which stress concentrations introduced by the presence of rips 
on deformed rebars can accelerate corrosion-induced cracking or affect its 
orientation. 
 Explore the factors responsible for controlling the growth of surface crack 
width as a result of corrosion of reinforcement such as the factor of rust-
induced pressure on crack walls. 
 The application of FEM modeling to evaluate resistance to corrosion-induced 
cracking of repair coating overlays using various candidate repair materials 
over a bridge deck (e.g. conventional high density overlay and silica fume 
overlays) versus full depth monolithic decks [Lindquist et al. 2005].  
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Appendix A Experimental and Evaluation Procedures 
 
A.1 Approximation Procedure to Calculate the Value of Rp for Impedance 
Spectra Obtained When Running EIS to a Lowest Frequency of 10 mHz. 
 
For EIS spectra that have a lowest frequency end of 10 mHz indicated in 
chapter 3, an approximation procedure was applied to estimate the value of 
polarization resistance Rp for a given specimen. A provisional value for 
polarization resistance Rpp was obtained from figure A.1 and multiplied by a 
factor of proportionality PF to obtain the corrected values of Rp as given by:  
 
                                                          Rp = Rpp PF                                               (A.1) 
 
where Rpp is estimated by:       
 
                                                  √(     )                                       (A.2) 
                                        
where Z’, Z’’, Rs and Rpp are illustrated in figure A.1 The factor of proportionality 
PF was obtained from another set of impedance spectrum for the specimen being 
evaluated but with the test performed to a lowest frequency end of 1 mHz. For 
that wider spectrum, the value of Rpp corresponding to 10 mHz may easily be 
found (measured). The value of Rp can be obtained using the equivalent circuit 
following the procedure in chapter 3. The proportionality factor PF may then be 
determined using also equation (A.1). In order to ensure stability and consistency 
of the obtained proportionality factor PF, the procedure was repeated for various  
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EIS spectra for a number of specimens. It was concluded that the value of PF 
remains reasonably unchanged with time for a given specimen under a given 
exposure environment [Busba RC pipe report]. 
 
 
Figure A.1 Method for estimating the provisional polarization resistance value 
(Rpp) for EIS measurements corresponding to a lowest frequency end of 10 
mHz. Circular symbols: EIS data whereas the broken line represents an 
estimation of the Rpp value. 
 
A.2 Effect of Counter Electrode Configuration on Current Distribution 
 
The case of uniformly corroding carbon steel bar was numerically simulated 
to examine the influence of CE geometry on current distribution pattern. The 
specimen dimensions were similar to those for the cases of uniformly corroding 
smooth bars (U1 to U7) in table 3.4. The concrete resistivity was assumed to be 
100 Ohm.m and a reference potential of the steel bar was assumed to 0.2 V. The 
considered case was treated as an axisymmetric problem. Therefore the 
modeled part was only the half rectangle shown in figure A.2. For conservation 
  
Lowest frequency 10 mHz 
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Appendix A (Continued) 
of energy, the electrical potential within the modeled sub domain has to satisfy 
Laplace’s equation (equation 5.25). Figure A.3 (a) shows the current distribution 
pattern for the CE geometry selected for the experimental testing. Figure A.3 (b) 
shows the current distribution pattern for a CE geometry covering the entire 
concrete surface. 
 
  
 
 
Figure A.2 A schematic diagram of the specimen being modeled and the CE 
geometry used for the experimental program.  
 
The applied voltage required to achieve an average current density over the 
rebar surface was ~ 2.2 V and ~ 1.4 V in cases (a) and (b), respectively in figure 
A.3.  
 
               
Figure A.3 Current distribution patterns for the cases with CE geometries (a) 
partially and (b) entirely, covering the cylinder concrete surface.  
 
Modeled Part 
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In the cases (a) and (b) of figure A.3, the rebar length was divided into short 
segments. The current density was calculated over each short segment to 
examine current distribution in each case. The individual current densities over 
the segments 1, 2, 3 and 4 were found to be nearly the same in both cases with 
values of about 100 µA/cm2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
177 
 
Appendix B Output of FE Modeling of Mechanical and Electrochemical Behaviors 
of Rebar Corrosion as a Function of Degree of Localization 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.1 Hoop stress across concrete cover for the base case of uniform 
corrosion in table 5.2 at radial displacement (ur) of 5.5 µm. (Cracking evaluated 
according to empirical failure criterion) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.2 Radial stress across concrete cover for the base case of uniform 
corrosion in table 5.2 at radial displacement (ur) of 5.5 µm. (Cracking evaluated 
according to empirical failure criterion) 
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Figure B.3 Radial displacement of concrete cover for the base case of uniform 
corrosion in table 5.2 at onset of cracking. (Cracking evaluated according to 
empirical failure criterion) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.4 Tension-Compression failure criterion across concrete cover 
indicating partition 1 cracking for the base case of uniform corrosion in table 5.2.  
 
 
 
 
ur at full cover cracking 
Cracked 
Un-cracked 
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Figure B.5 Radial displacement (ur1) of 5.3 µm corresponding to crack initiation 
(partition 1 cracking) for the base case of uniform corrosion in table 5.2. (Onset of 
cracking evaluated according to Tension-Compression criterion) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.6 Crack propagation across concrete cover manifested by the 
progression of Tension-Compression criterion front through the rest of partitions 
along the corroding length for the case in figure B.4. Criterion =1(red), <1(blue). 
 
 
    
ur1 at partition 1 cracking 
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Figure B.7 Hoop stress distribution trends across concrete cover for crack 
initiation (cracking of partition 1) for the cases of localized corrosion in table 5.3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.8 Progression trend of the Tension-Compression failure criterion front 
across concrete cover through the five partitions (crack initiation and 
propagation) for the case of C/L=1 in figure B.7. Criterion =1(red), 0.5 (blue). 
     
1 2 3 4 5 
C/L=5 C/L=4 C/L=3 C/L=2 C/L=1 
     
/ 1 C/L=2 C/L=3 4 / 5 
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Figure B.9 Tension-Compression failure criterion across concrete cover at the 
midpoint along the corroding length indicating partition 1 cracking for the case of 
C/L=1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.10 Tension-Compression failure criterion along cylinder length at the 
outer radius of partition 1 indicating its cracking (for the case of C/L=1). For point 
A in figure B.9. 
 
 
  Point A                
(see figure B.10) 
Midpoint along 
corroding length 
Cracked 
Un-cracked 
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Figure B.11 Radial displacement across concrete cover at midpoint along 
corroding length at cracking of partition 1 for the case of C/L=1. 
 
 
                 
 
Figure B.12 Progression trend of the Tension-Compression failure criterion front 
across concrete cover through the five partitions (crack initiation and 
propagation) for the case of C/L=2 in figure B.7. Criterion =1(red), 0.5 (blue). 
 
ur1 at cracking of partition 1 
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Figure B.13 Progression trend of the Tension-Compression failure criterion front 
across concrete cover through the five partitions (crack initiation and 
propagation) for the case of C/L=3 in figure B.7. Criterion =1(red), 0.5 (blue). 
 
 
                 
 
Figure B.14 Progression trend of the Tension-Compression failure criterion front 
across concrete cover through the five partitions (crack initiation and 
propagation) for the case of C/L=4 in figure B.7. Criterion =1(red), 0.5 (blue). 
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Figure B.15 Progression trend of the Tension-Compression failure criterion front 
across concrete cover through the five partitions (crack initiation and 
propagation) for the case of C/L=5 in figure B.7. Criterion =1(red), 0.5 (blue). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.16 Potential distribution trends across concrete cover for the localized 
corrosion cases considering the 100% macrocell current scenario and for the 
uniform corrosion case. (Potential levels were reported in chapter 5) 
C/L=1 C/L=2 C/L=3 C/L=4 C/L=5 
 
     
C/L=0.2 
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Figure B.17 Streamline trends of total current densities across concrete cover for 
the localized corrosion cases considering the 100% macrocell current scenario 
and for the uniform corrosion case. 
 
 
 
 
Figure B.18 Model sensitivity when considering only half of the rectangular part in 
figure 5.2. The model was run for a case of a uniformly corroding bar and the 
results evaluated using the empirical cracking criterion. The red circle represents 
the mesh size adopted for the model with no more than about 1% deviation from 
the target value of 19.674 Mpa (corresponding to infinite number of elements).  
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C.1 Permissions for Figure 4.28 
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C.2 Permission for Referring to Information in www.saveourbridges.com  
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C.3 Permissions for Contents in Chapters 3 and 4 from Previous Publications 
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